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ABSTRACT
The influences of lipid peroxidation and pigment 
autoxidation in beef and liposome model systems were 
examined in modified atmosphere packaging containing oxygen 
(O2 ). Ground beef of 75 and 90% lean were packaged in 80% 
nitrogen (N2 ):20% carbon dioxide (C02) for distribution and 
storage atmospheres were exchanged for 80% 02 :20% C02 at 15, 
18, 20, 22, 25, 27 or 29 days postpackaging before retail 
display. On the same postpackaging day, samples from longer 
gas exchange, but shorter display times had lower lipid 
oxidation, psychrotrophic growth, metmyoglobin formation, 
discoloration and odor scores when compared with samples 
from shorter gas exchange times and longer display times.
Model systems of liposome, myoglobin and myoglobin- 
liposome were stored in 100:0, 80:20, 60:40, 40:60, 20:80 or 
0:100 02 %:C02 with (3-carotene and a-tocopherol at 0.01, 
0.0001 or 0 M. Higher 02 increased myoglobin and lipid 
oxidation in myoglobin-liposome systems. Lipid stability 
with no antioxidants was less in myoglobin-liposome than in 
liposome systems and metmyoglobin formation was greater in 
myoglobin than in myoglobin-liposome systems. a-Tocopherol 
retarded oxidation of myoglobin in different model systems 
and gaseous atmospheres.
Oxymyoglobin, hydrogen peroxide and superoxide anions 
were quantified in deoxymyoglobin, oxymyoglobin and 
metmyoglobin solutions stored in air at 4‘C. Oxymyoglobin
linearly decreased with time in oxymyoglobin solutions and 
was the highest in deoxymyoglobin solutions at four hours. 
Superoxide anions were highest in metmyoglobin solutions, 
followed by oxymyoglobin and deoxymyoglobin solutions. 
Superoxide anions increased after four hours in 
deoxymyoglobin solutions, corresponding to the oxymyoglobin 
decrease.
Myoglobin-liposome, myoglobin and liposome systems were 
packaged in 80% N2 :20% C02 and 80% O2 :20% C02. Oxymyoglobin 
decreased to a greater extent with increased time in 
myoglobin-liposome than in myoglobin systems. Oxymyoglobin 
stability decreased more rapidly in 80% N2 :20% C02 than in 
80% O2 :20% C02 during 12 hours. Liposome presence favored 
release of superoxide anions from myoglobin with high 0 2. 
Lipid peroxidation and myoglobin autoxidation increased with 
increased 0 2 when both lipids and myoglobin were present. 
Superoxide anion generation was highly related to myoglobin 
oxidation and hydrogen peroxide production, which was 





Meat is a favorite in U.S. household diets and is 
enjoyed as a 'center of the plate’ item. Although 
consumption of red meat gradually decreased from 130.2 
pounds from 1970-1974 to 112.4 pounds in 1990, the trend 
reversed to 116.2 pounds in 1992. Beef is the largest group 
of meat consumed and occupies about 63.50% among the 
different meat species (Putnam, 1992). Ground beef 
represented over 50% of the beef served (NLSMB, 1995) and 
this substantial increase was due to the need of consumers 
for convenient foods. According to the USDA, the annual per 
capita hamburger consumption rose from 22 pounds in 1970 to 
25 pounds in 1980 and 30 pounds in 1992 (Smith, 1994).
The beef industry can be roughly separated into raising 
cattle by the farmers or feeders, slaughtering by the 
packers, and sales as retail cuts by the retailer. In 
conventional fresh meat handling systems, chilled and 
usually vacuum packaged primal cuts are received in boxes at 
the retail stores or central distribution center. Retail 
portions of steaks, chops, roasts and ground meat are 
fabricated and packaged in foam trays overwrapped with 
polyvinylchloride (PVC) or polyethylene film for display 
(Cole, 1986).
Recently, there has been an increasing interest in 
case-ready packaging that involves the central fabrication 
and packaging of meat in consumer-sized packages for retail 
display. Benefits of case-ready packaging include
decreasing handling costs, minimizing direct human contact, 
extending product shelf-life and increasing economic 
profits. Case-ready beef has been estimated to have a $0.20 
per pound less cost for store handling compared to store-cut 
beef (Bishop, 1988; Starr, 1992). However, centralized 
case-ready packaging has not been adapted by meat packers 
because acceptable technologies are not available to provide 
sufficient shelf-life with a bloomed red color.
The available packaging technologies for case-ready 
fresh meat include vacuum-skin packaging (VP) and modified 
atmosphere packaging (MAP) that have shown the benefits of 
inhibiting the growth of spoilage microorganisms and 
extending the shelf-life of meat products (Hintlian and 
Hotchkiss, 1986). Modified atmosphere packaging has food 
products packaged in gas-impermeable materials and the 
gaseous environment in the packaging was changed to slow 
respiration rate, reduce microbiological growth and retard 
enzymatic spoilage with the final effect of lengthening 
shelf-life (Koski, 1988). However, vacuum or MAP with inert 
gases results in a purple color and MAP with elevated 
concentrations of 0 2 results in faster pigment oxidation, 
which are formidable barriers to successful merchandising 
(Lynch et al., 1986; Newton et al., 1977). Consumers 
discriminated against fresh meat when metmyoglobin formation 
was larger than 20% (Hood and Riordan, 1973). Loss of bloom
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is related to the oxidation of myoglobin to the 
metmyoglobin.
A dynamic gas exchange MAP or active packaging 
technology (Mitchell, 1990) uses gaseous mixtures of C02 and 
nitrogen (N2) for distribution and exchange of the gases 
within the packages for high levels of 0 2 before retail 
sale. This packaging method employs MAP barrier styrofoam 
or plastic trays with impermeable lidding film. Extension 
of product shelf-life during distribution and storage of 
centrally packaged case-ready fresh meat was reported 
(McMillin et al., 1994a, b; Ho et al., 1995a, b). Gas 
exchange MAP extended the retail shelf-life of ground beef 
by three to five days compared with that in VP (McMillin et 
al., 1990, 1991). With pork dipped in ascorbic acid, 
display life was extended by three days in gas exchange MAP 
as compared with pork in VP (Huang et al., 1993a). Frozen 
storage (-1 2 .2 'C) caused discoloration of steaks and ground 
beef while -3.8 or 4.4’C provided increased redness and 
increased oxidative stability with gas exchange MAP compared 
to MAP containing 80% O2 :20% C02 at initial packaging (Huang 
et al., 1993b).
There are many unanswered questions about the 
operational parameters for gas exchange MAP and the 
biochemical changes in meat components. General objectives 
of the present research were to determine myoglobin and 
lipid stability in beef or myoglobin-liposome systems and
the interactions between myoglobin and lipid oxidation in 
MAP. Four experiments were conducted in this study. The 
first experiment used ground beef in MAP with gas exchange 
technology to examine different gas exchange times for 
commercial packages. In the second experiment, myoglobin, 
liposome and myoglobin-liposome systems were stored in gas 
mixtures of 0 :100, 20:80, 40:60, 60:40, 80:20 and 100:0 
0 2 %:C0 2% with p-carotene and a-tocopherol antioxidants to 
determine relative rates of oxidation of pigments and lipids 
in MAP with varying levels of 02. The third experiment 
monitored the generation of superoxide anions and hydrogen 
peroxide during myoglobin autoxidation. The fourth 
experiment explored the relationships between myoglobin 
autoxidation and lipid peroxidation in myoglobin-liposome 
model systems through examining the production of superoxide 






Chemical Composition of Muscle Foods
The Food Guide Pyramid recommends six to nine ounces of 
meat for consumers in making food selections for a healthier 
diet because meat is one of the most nutritious foods.
Among the different meat species, beef is the largest group 
consumed and occupies about 63.50% of muscle foods consumed 
(Putnam, 1992). Muscle tissue is constituted of about 75% 
water, 18.5% protein, 3.0% lipids, 1.5% non-protein 
nitrogenous substances and 1% inorganic compounds (Hedrich 
et al., 1994 ) .
Water is the most abundant substance in meat and is 
important as a carrier of water-soluble nutrients, a 
reactant and a reaction medium. The non-protein nitrogenous 
substances distributed in meat are creatine, creatine 
phosphate, nucleotides, free amino acids, peptides and 
others (Hedrich et al., 1994). Meat also contains inorganic 
compounds including potassium, phosphorus, sulfur, chloride, 
sodium and other minerals (Hedrich et al., 1994) and is an 
excellent source of some of the B complex vitamins such as 
thiamine, riboflavin, niacin, Bg and B22 (Fennema, 1985).
Based on solubility, muscle proteins can be separated 
into myofibrillar, sarcoplasmic and stromal proteins 
(Hedrich et al., 1994). Myofibrillar proteins are salt- 
extractable and include groups related to muscle 
contraction, regulation and cytoskeletal structure. Stromal 
proteins are comparatively insoluble and consist of
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connective tissue proteins. Sarcoplasmic proteins are 
water-soluble and they are enzymes, myoglobin, hemoglobin, 
cytochromes and flavoprotein. Myoglobin is a complex muscle 
protein that functions in storage and transportation of 
oxygen (0 2) and is the major determinant of meat color.
Meat species varies with distinct lipid contents and 
components because of differences in species, age, diet and 
environment temperature {Fennema, 1985). Animal fat is 
generally categorized into four groups, including visceral 
{surrounding vital organs), subcutaneous (beneath the skin), 
intermuscular (between muscles) and intramuscular (within 
muscles) fat (Hedrick et al., 1994). The majority of the 
lipid in meat is present as intramuscular fat. The major 
lipid constituents of intermuscular and intramuscular fat 
are almost the same. However, subcutaneous adipose tissue 
has more neutral lipids and lean portion has more 
phospholipids, which are the main components of the 
membrane-bound lipids. Phospholipids contain more 
unsaturated fatty acids than neutral triglycerides and the 
predominant saturated fatty acids are C16 and C18 (Stryer, 
1988). Palmitic (C16) and stearic acids (C18) are the major 
saturated fatty acids in muscle fat and palmitoleic (C16:l), 
oleic (C18:l), linoleic acid (C18:2) and linolenic (C18:3) 
are the predominant unsaturated fatty acids (Ostrander and 
Dugan, 1962). Palmitate and oleate occupied 22.10% and 
46.83% in the fatty acid profile in meat (Han, 1992) and
9
oleate is the primary constituent of phosphatidylcholine.
The oxidative process of lipids is very important in the 
deterioration of fresh meat because it leads to the 
developments of off-odors, off-flavor, pigment oxidation and 
decreases in nutritional values.
Myoglobin Structure 
Myoglobin functions in the storage of 02 and in 
facilitating the diffusion of 0 2 from the extracellular 
space to the mitochondria (Whittenberg et al., 1975). The 
concentration of myoglobin in beef is 2.0 - 5.0 mg/g net 
weight and the molecular weight is approximately 18,000 
daltons (Hunt and Hedrick, 1977), Myoglobin contains a 
nonprotein portion called a heme ring and one polypeptide 
chain called globin. This globin is colorless in nature and 
the color imparting property resides in the prosthetic heme. 
Because meat color depends on the chemical states of the 
iron of the heme ring, the heme group of myoglobin is of the 
most interest. Heme is made up of a porphyrin and an iron 
atom at the center of the porphyrin ring. Myoglobin in 
deoxy-state has five ligands and there are six ligands for 
oxymyoglobin and metmyoglobin (Livingston and Brown, 1981). 
Four of the six coordination sites on iron are occupied by 
bonds with nitrogen atoms of the porphyrin. The fifth 
coordination position is occupied by the proximal histidine 
amino acid which connects the heme group to the globin. The 
opposite side of the histidine bonding is the sixth
10
coordination position that is open for 0 2/ hydroxyl ion, 
water or other ligands (Giddings, 1977).
Heat Color
The color of meat serves as a quality indicator and 
influences market sales. Consumers associate the bright red 
bloomed color with wholesome, recently cut, and desirable 
fresh meat; therefore, the acceptance of fresh meat is 
limited by the discoloration that develops on the meat 
surface. Pigments in meat are composed of myoglobin, 
hemoglobin and cytochrome; myoglobin constitutes 80-90 
percent of the total pigment in well-bled muscle (Hedrich et 
al., 1994). The concentration and chemistry of myoglobin 
predominantly influence the meat color. Color changes in 
meat involve the different redox states of myoglobin; the 
three forms of myoglobin in raw, uncured meat include 
deoxymyoglobin, oxymyoglobin and metmyoglobin.
In intact muscle or in anoxic environments, such as 
vacuum or 02 free MAP, native myoglobin exists in the 
deoxygenated form. Deoxymyoglobin that contains ferrous 
iron is purplish-red in color and easily undergoes changes 
to oxymyoglobin in a high 02 environment. When 02 occupies 
the sixth ligand position, myoglobin forms a bright red 
color, which is described as "bloom". The ability of 
myoglobin to stay in the oxy-form depends on the oxidation- 
reduction potential in the meat. Oxymyoglobin is converted 
to metmyoglobin when 0 2 tension is reduced by 0 2-utilizing
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enzymes, aerobic bacteria, or factors denaturing the 
myoglobin moiety, such as heat or low pH (Seideman et al.,
1984). The iron of metmyoglobin exists in the oxidized 
ferric form and loses the ability to bind O2 .
Metmyoglobin initially forms in a layer underneath and 
spreads towards the surface, eventually affecting overall 
meat appearance (Madhavi and Carpenter, 1993). A consumer 
survey showed that fresh meat with 2 0 % metmyoglobin was 
discriminated by consumers and was downgraded or rejected 
for purchase when metmyoglobin levels exceeded 40% (Greene 
et al., 1971; Hood and Riordan, 1973; MacDougall, 1982). 
Formation of metmyoglobin resulted in an unattractive brown 
appearance and this reaction was influenced by environmental 
factors such as temperature, exposure to light, relative 
humidity, microbial load, lower O2 partial pressure, as well 
as factors inherent to muscles such as changes in pH, lipid 
oxidation, metmyoglobin reducing systems, reducing 
equivalents and 02 consumption rate (Yin and Faustman, 1993; 
Chow, 1991; Faustman and Cassens, 1990; Renerre and Labas, 
1987; Seideman et al., 1984; Hood, 1980). Each myoglobin 
molecule is independent of other molecules and the three 
states of myoglobin exist simultaneously in varying amounts 
in the same muscle or meat. The color cycle in fresh meats 
is reversible and dynamic between the three pigments.
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Factors Affecting The Stability of Myoglobin
The oxidation of myoglobin was 02 pressure dependent 
(George and Stratmann, 1952b). The rate constants of 
myoglobin oxidation in different 02 pressures of 760, 1.0, 
0.6, and 0.3 mm Hg were 0.33, 0.75, 0.65 and 0.39 hr-1 with 
the maximum observed at 1 mm Hg (George and Stratmann, 
1952a). Oxygen is critical to maintain the oxymyoglobin or 
bloomed color as reported by Seideman et al. (1984), who 
concluded that 02 pressure levels over 240 mm Hg improved 
fresh meat appearance and extended color stability. The 
lowest 0 2 partial pressure required to maintain the bright 
red color was 40 mm Hg (Rizvi, 1981). Ledward (1970) found 
that the metmyoglobin formation in beef was maximum at 6 ±
3 mm Hg of 02 at 0°C and 7.5 ± 3 mm Hg at 7°C.
The autoxidation of myoglobin in vitro increased with 
decreasing pH (Yin and Faustman, 199 3; Chow et al., 1987; 
Shikama and Matsuoka, 1986). Yin and Faustman (1993) used 
an oxymyoglobin-liposome model to study the influences of 
temperature and pH on myoglobin stability. They reported 
that oxymyoglobin oxidation increased with increased 
temperatures (37 > 20 > 10 > 4°C) and decreased pH (5.6 >
6.4 > 7.2). Other research also indicated that myoglobin 
autoxidation rate constants decreased with increasing pH 
from 4.5 to 7.0 and reached a plateau between pH 7.0 and 8.0 
(Chow, 1991). However, this rate increased as the pH 
increased above 8.0. The pH-dependent phenomena was
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probably due to changes in the configuration of the globin 
tertiary structure, especially in the region around the 
heme. At low pH, opening of the globin tertiary structure 
exposed the heme protein to the external environment. This 
decreased the stability of heme protein, accelerated the 
protonation of bound 0 2, favored the release of superoxide 
anion, and enhanced oxidation (Livingston and Brown, 1981).
Muscle color is also related to mitochondrial 
metabolism because of competition for 0 2 use by enzymatic 
respiration and myoglobin. Research indicated that pre­
rigor muscle homogenates bloomed in the presence of 
rotenone, a mitochondrial inhibitor (Cornforth and Egbert,
1985). O'Keefe and Hood (1982) reported that the rate of 
metmyoglobin accumulation was greatly affected by the tissue 
02 consumption rate. An increase in the 02 consumption 
encouraged the deoxygenation of oxymyoglobin to 
deoxymyoglobin, which was more readily oxidized (Lanari and 
Zaritzky, 1991). Higher temperatures increased the 
activities of 0 2-utilizing enzymes and microbial growth, so 
increased 0 2 consumption rate finally increased the 
metmyoglobin formation rate (Bendall and Taylor, 1972).
Exposure to ultraviolet light (UV light) has been shown 
to accelerate metmyoglobin formation (Bertelsen and 
Skibsted, 1987; Setser et al., 1973). The rate of 
discoloration was greater in light than in the dark (Hood, 
1980). Although Solberg and Franke (1971) found that no
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wavelength in the visible range (420.0, 510.0, 550.0, 570.0, 
590.0, and 632.8) enhanced the formation of oxidized heme 
pigment more than any other, it was suggested that increased 
metmyoglobin as a result of illumination might be due to a 
photochemical activation of a compound, such as riboflavin, 
which then might react with oxygenated heme pigments to form 
metmyoglobin.
Influence of Gas Concentrations on Heat Color 
The changes of red bloomed meat color to brown 
discoloration as influenced by gas concentrations in the 
packaging is controversial. Seideman et al. (1979) found 
that fresh beef roasts in MAP with high 02 had more surface 
discoloration than in MAP with 80% N2 :20% C02. However,
Daun et al. (1971) reported that fresh meat developed 
metmyoglobin at a slower rate in packaging with 9 0% 02 when 
compared with air-permeable packaging. Huffman et al.
(1975) observed that beef in 100% 02 had more desirable 
color than samples in 100% C02 and 70% N2:25% C02 :5% 02. 
Hermansen (1983) concluded that meat in MAP with 80% O2 :20% 
C02 had a bright red color and shelf-life of 4-6 days 
compared with meat packed in VP or MAP with N2, which had a 
purple color and one to three weeks shelf-life.
Determination of Relative Amounts of Different Forms ofMyoglobin
The most appropriate technique to measure meat color 
uses a reflectance measurement without interference by the 
meat structure to estimate the relative amount of
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metmyoglobin or oxymyoglobin (Hunt et al., 1991).
Reflectance measurements closely relate to images visualized 
by the eye and brain (Hunt et al., 1991) because reflectance 
of an object depends on the amount of light absorbed and 
scattered. Hunt et al. (1991) reported that absorption 
coefficients (K) and scatter coefficients (S) are related to 
reflectivity (R) by the equation K/S = (1-R)2/2R, where R is 
the reflectance of a thick layer of meat (Hunt et al.,
1991). Reflectance at isobestic wavelengths are measured 
and converted to K/S ratios. Isobestic is the wavelength 
where two compounds have the same degree of light 
reflectance. A wavelength of 610 nm is isobestic for 
deoxymyoglobin and metmyoglobin, of 572 nm is for 
deoxymyoglobin and oxymyoglobin and of 474 nm is for 
oxymyoglobin and metmyoglobin. Therefore, (K/S 572)/(K/S 
525) is the indicator ratio for metmyoglobin and (K/S 610) 
/(K/S 525) for oxymyoglobin.
Krzywicki (1982) proposed another method to determine 
heme pigments in solution. The absorbencies of myoglobin 
solutions were measured using a spectrophotometer at 572,
565, 545 and 525 nm and the total concentrations, as well as 
the relative concentrations, of deoxymyoglobin, oxymyoglobin 
and metmyoglobin were calculated as:
deoxymyoglobin = 0.369R^ + 1.140R2 ” O.9 4 IR3 + 0.015 
oxymyoglobin = 0.882R^ - 1.267R2 + O.9 4 IR3 - 0.361 
metmyoglobin = - 2.514R^ + 0 .7 7 7R2 + O.8OOR3 + 1.098, where
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/ R2 / R3 = absorbance ratios A572/A525, A565/A525 and 
A545/A525,
c = total myoglobin concentration = A525/MAC525, where 
MAC525 = millimolar absorbance coefficient = 7.6 for three 
forms of myoglobin.
Myoglobin Autoxidation
The oxidative reaction of oxymyoglobin to metmyoglobin 
by 0 2 was first order with respect to unoxidized myoglobin 
and the mean value of the rate constant was 0.325 ± 0.015 
hr-1 at 30‘C in 0.6 M phosphate buffer of pH 5.69 (George 
and Stratmann, 1952a; Matsurra et al., 1962). Brown and 
Mebine (19 69) demonstrated that 0.25 mole of 02 in 
oxymyoglobin was taken up and 0.75 mole was released during 
the autoxidation of one molecule of oxymyoglobin.
Activation energies obtained with myoglobin from different 
sources and at different pH ranged from 24,000 to 27,800 
calories (Brown and Mebine, 1969). The mechanism for the 
autoxidation was described by Tajima and Shikama (1987) as 
the following:
4 oxymyoglobin(II) -* 4 metmyoglobin(III) + 402“ (1)
402" + 4H+ -> 2H202 + 202 (2)
2H2°2 2H2° + °2 (3)
So the overall reaction was:
4 oxymyoglobin(II) + 4H+ -*■ 4 metmyoglobin(III) + 2H20 + 302 
Autoxidation of oxymyoglobin to metmyoglobin generated the 
superoxide anion (Gotoh and Shikama, 1976), which was
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converted immediately and almost completely into hydrogen 
peroxide by spontaneous dismutation. Kinetic and 
thermodynamic studies revealed that superoxide formation was 
not due to a simple dissociative loss of superoxide radicals 
from oxymyoglobin, but was due to a nucleophilic 
displacement of superoxides from oxymyoglobin by a water 
molecule or a hydroxyl ion that entered the heme pocket from 
the surrounding solvent (Shikama and Matsuoka, 1986). 
Metmyoglobin catalyzed the decomposition of hydrogen 
peroxide in the (3) reaction. The hydrogen peroxide may 
also react with another oxymyoglobin to give metmyoglobin 
(Winterbourn et al., 1976).
The reaction of metmyoglobin with hydrogen peroxide in 
vitro generated a ferry1-myoglobin(IV) species (Davies,
1989; Newman et al., 1991; Kanner, 1992). Tajima and 
Shikama (1987) reported the formation of ferryl compounds 
and spontaneous reversal reactions as the following: 
metmyoglobin(III) + H202 -> ferryl-myoglobin(IV) = 0 + H20 
ferryl-myoglobin(IV) = 0 -> metmyoglobin(III). Earlier, 
Kremer (1981) examined a mechanism describing a bright red- 
fcolor intermediate complex "Cl" resulting from the reaction 
of metmyoglobin and hydrogen peroxide. This primary 
intermediate "Cl" then was irreversibly transformed into a 
secondary complex "C2". The secondary complex completed the 
reaction cycle by reacting with a second molecule of 
hydrogen peroxide, freeing metmyoglobin and forming the
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products of O2 and water. The oxidation states of Cl and C2 
were +4 and +5 (Kremer, 1981).
Quantitative analysis showed that hydrogen peroxide 
produced was decomposed mostly by metmyoglobin resulting 
from the autoxidation of oxymyoglobin under air-saturated 
condition (02 partial pressure = 150 mm Hg) (Wazawa et al., 
1992; Tajima and Shikama, 1987). At lower pressures of 02, 
however, hydrogen peroxide acted as the most potent oxidant 
of the deoxymyoglobin, which increased with decreasing 0 2 
pressures, so that there was a well-defined maximum rate in 
the formation of metmyoglobin at approximately 5 mm Hg of
°2  ■
Metmyoglobin Reduction
Metmyoglobin is constantly generated in muscle, and is 
reduced to a ferro-derivative form by reducing systems which 
are active in anaerobic or in aerobic conditions (Ledward, 
1972; Giddings, 1974). The activity of metmyoglobin 
reducing systems was the most important factor in the color 
stability of meat and the rate of reduction was inversely 
proportional to the concentration of metmyoglobin developed 
during aerobic storage of beef at 1°C (Ledward, 1985).
Reddy and Carpenter (1991) concluded that the order of the 
activity of reductase in various muscles corresponded to the 
color stability of different muscles. In beef, the 
longissimus dorsi and semitendinosus muscles are relatively
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stable while psoas major discolors very fast (Reddy and 
Carpenter, 1991).
Both enzymatic and nonenzymatic reduction of myoglobin 
have been reported in the literature (Brown and Snyder,
1969; Stewart et al. 1965). Nonenzymatic reduction of 
metmyoglobin occurred faster than enzymatic reduction in the 
presence of ethylene-diaminetetraacetate (Brown and Snyder, 
1969; Livingston et al., 1985). Fundamentally different 
enzyme mechanisms have been proposed to account for the 
metmyoglobin reduction in vivo. Early research indicated 
that non-specific reductases were referred to as 
"diaphorases" [NAD(P)H-quinone oxidoreductase], as cited by 
Taylor and Hochstein (1982). Bailey and Driedzic (1992) 
suggested that these diaphorases probably function in 
reduction of NAD+ from NADH or reduction of microsomal 
cytochrome instead of reducing metmyoglobin directly. 
Furthermore, a DT diaphorase (menadione reductase) was 
reported to be capable of oxidizing NADH to NAD in the 
electron transport pathway (Saleh and Watts, 1968). It was 
claimed that the reduction of metmyoglobin and C>2 by 
"diaphorases" was mediated through nicotinamide adenine 
dinucleotide (NAD) and guinones. A pathway postulated by 
Saleh and Watts (1968) showed that electrons flow from 
glycolytic and TCA intermediates to NAD+, then to 
metmyoglobin by way of quinone intermediates. The reducing 
activity of metmyoglobin was increased by adding the
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intermediates of the glycolytic pathways, including 
glyceraldehyde-3-phosphate and fructose-1,6-diphosphate, 
which are capable of supplying hydrogen to NAD (Saleh and 
Watts, 1968) .
The other enzyme reported to reduce metmyoglobin was 
called cytochrome b5 reductase. The existence of a 
metmyoglobin-ferrous cytochrome b^ complex was demonstrated 
between pH 4 and 7 and shown to have a preferential binding 
of cytochrome b5 over metmyoglobin by this enzyme 
(Livingston et al., 1985). The mechanism of the reduction 
showed that the enzyme required the presence of cytochrome 
btj as an electron-transfer mediator for the reduction of 
metmyoglobin and ferrocyanide as an activator, which 
enhanced the rate of electron transfer (Hagler et al., 1979; 
Arihara et al., 1989; Livingston et al., 1985). This enzyme 
has a pH optimum of 6.5, an isoelectric pH between 5.6 - 
5.8, and a molecular weight of 33,000 daltons (Arihara et 
al., 1989). The mechanism established that cytochrome b^ 
was reduced at near diffusion-controlled rates by this 
enzyme with a turnover rate of 1000 min-1. Ferrous 
cytochrome b5 then nonenzymatically reduced metmyoglobin 
with a rate constant of 4.9 X 104 M-1 min-1 (Livingstone et 
al., 1985). There is an absolute requirement for NADH as 
neither NADPH nor FADH2 is a suitable cofactor for the 
enzyme-catalyzed reduction of metmyoglobin (Livingstone et 
al., 1985). The reduction of cytochrome b5 and cytochrome c
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were a coupled reaction; cytochrome b5 reduction was first 
order and occurred upon exhaustion of cytochrome c. The 
rate of reduction of myoglobin proceeded linearly in 
proportion to the cytochrome b5 concentration until 
exhaustion of the substrate (Livingstone et al., 1985).
Several researchers reported that C>2 consumption by 
mitochondrial or submitochondrial particles facilitated the 
maintenance of myoglobin in a reduced state (Cornforth and 
Egbert, 1985; Renerre and Labas, 1987). Giddings (1974) 
proposed that mitochondria, by reversal of the electron 
transport chain, might serve as a source of reducing 
equivalents for extramitochondrial pyridine nucleotide 
reduction, providing the NADH necessary for the functioning 
of metmyoglobin reductase. In addition, Echevarne et al. 
(1990) reported that the highest metmyoglobin reductase 
activity was located in the fraction composed of microsomes 
and mostly intact mitochondria. Loss of reducing activity 
in meat during storage was due to a combination of factors, 
including fall in pH, depletion of the substrates and co­
factors such as coenzymes (NADH) (Renerre and Labas, 1987), 
oxidative deteriorative changes, and ultimately complete 
loss of structural integrity and functional properties of 
the mitochondria (Giddings, 1974).
Lipid Peroxidation Mechanism
Lipid peroxidation is a major factor responsible for 
quality deterioration in meat products. It is usually
22
described as an oxidative deterioration of fat, 
preferentially unsaturated, which depends on the presence of 
oxygen. The oxidation of muscle lipid involves peroxidation 
of the unsaturated fatty acids, in particular the 
polyunsaturated fatty acids (Allen and Foegeding, 1981). 
Polyunsaturated fatty acids are associated with 
phospholipids, which are located in the membranes of muscle 
foods. The peroxidation is considered as three steps; they 
are initiation, propagation, and termination as described by 
Fennema (1985).
initiator
Initiation RH----------- > free radicals (R*, R00*)
R- + 02 *♦ R00‘
Propagation R00* + RH -* ROOH + R‘
Termination R' + R* ■* RR
R- + R00- -> ROOR
R00* + R00* -* ROOR + 02
The origin of the initial free radicals is unlikely to 
occur by direct attack from 0 2, which is in its most stable 
form (triplet state) (Rawls and Santen, 1970). A more 
resonable explanation is that singlet oxygen is the active 
species for initiation. Electrons of singlet oxygen are at 
its excited state and are more electrophilic than triplet 
02. Singlet oxygen reacts rapidly with moieties of high 
electron density, such as unsaturated bonds and can be 
generated via photosensitization by photosensitizers such as
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chlorophyll a, pheophytin a, hematoporphyrin and myoglobin 
(Rawls and Santen, 1970). Photosensitizers are the 
compounds that receive energy from light and transfer it to 
ground state triplet oxygen, resulting in the production of 
singlet oxygen. Several species of free radicals exist in 
biological systems including superoxide anion, hydroxy 
radical (.OH), hydroperoxyl radical (HC^-), peroxyl radical 
(ROO’), hypochlorite (CC13 ), alkoxy radicals, and reactive 
molecules such as hydrogen peroxide and singlet oxygen, 
which is not a free radical, but is certainly reactive and 
capable of causing damage (Freeman and Crapo, 1982). 
Generally, free radicals are unstable, containing an 
unpaired electron, which in turn, mediate oxidation of the 
lipid within the cell membrane by a chain reaction 
mechanism. During the propagation stage, more free radicals 
are produced; this stage is important because contact with 
just one initiating radical can cause oxidation of many 
other molecules.
Endogenous sources of free radicals include those that 
are generated and act intracellularly as well as those that 
are formed within the cell and released into the surrounding 
area (Machlin and Bendich, 1987). Intracellular free 
radicals are generated from the autoxidation and consequent 
inactivation of small molecules such as reduced flavins and 
thiols, and from the activity of certain oxidases, 
cyclooxygenases, lipoxygeneses, dehydrogeneses and
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peroxidases. Electron transfer from transition metals such 
as iron to C^-containing molecules can initiate free radical 
reactions. The sites of free radical generation encompass 
all cellular organelles including mitochondria, lysosomes, 
peroxisomes, the nucleus, endoplasmic reticulum, the plasma 
membranes, as well as sites within the cytosol {Freeman and 
Crapo, 1982).
Several systems exist to protect cells from free 
radical damage, including antioxidant enzymes and 
antioxidant nutrients (Diplock, 1991). These enzyme systems 
include selenium-dependent glutathione peroxidase, 
superoxide dismutase and catalase (Oshino et al., 1973; 
Tyler, 1975). The antioxidant nutrients vitamin C, vitamin 
E, and 3-carotene complement the network by scavenging the 
reactive hydroxyl radicals and singlet oxygen and disrupting 
the chain propagation (Diplock, 1991).
While it is generally believed that lipid peroxidation 
in muscle foods is nonenzymic in nature, there is evidence 
for the presence of enzymic lipid peroxidation systems 
associated with muscle microsomes. Lin and Hultin (1976, 
1977) and Player and Hultin (1977) demonstrated the presence 
of an enzymic system in the microsomal fraction of chicken 
skeletal muscle for the oxidation of microsomal lipids in 
the presence of Fe+3, adenosine diphosphate (ADP), and 
reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
or reduced nicotinamide adenine dinucleotide (NADH). NADPH
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was the preferred nucleotide in the enzymic peroxidation 
system of microsome from chicken skeletal muscle (Lin and' 
Hultin, 1976; Player and Hultin, 1977). However, for 
enzymic lipid peroxidation in fish muscle microsomes, NADH 
was much more efficient than NADPH (McDonald et al,, 1979; 
Slaby and Hultin, 1982). McDonald et al. (1979) prepared 
microsomal fractions from fish (red hake) liver to determine 
if the dependence on NADH was organ- or species-specific.
The fish liver microsomal system also utilized NADH more 
efficiently than NADPH, indicating that the specificity was 
dependent on species rather than tissue. Microsomes 
isolated from tissues of mammals are known to require NADPH 
rather than NADH for enzymic lipid peroxidation (Hochstein 
and Ernster, 1963; Svingen et al., 1979).
Assay for Lipid Oxidation 
Thiobarbituric acid reactive substances (TBARS) test is 
the most commonly used method to quantify lipid oxidation. 
The assay was performed by purifying the TBARS, the oxidized 
products of unsaturated fatty acids, using steam 
distillation (Tarladgis et al., 1960) and then mixed with 
thiobarbituric acid (TBA) reagent. Next, the mixture was 
heated in boiling water to develop a pink chromogen with a 
maximum absorbance at 532 nm (Pomeranz and Meloan, 1987).
The pigment produced was a condensation products of two 
molecules of TBA and one molecule of malondialdehyde (Yu and 
Sinhuber, 1967).
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A procedure modified by Yin and Faustman (1993) allowed 
TBARS to react with TBA reagent during storage at 25'C in 
the dark for 20 hr instead of incubation of TBARS and TBA in 
the boiling water (Lea, 1962). The mild incubation 
alternative decreased further oxidation that might occur 
during the analytical process (Lea, 1962; Tarladgis et al., 
1962).
Nonenzymic Catalysis of Lipid Oxidation
The meat pigment, myoglobin, has been implicated in 
many studies as playing an important role in catalysis of 
lipid oxidation in uncooked red meat (Greene, 1969; 
Govindarajan et al., 1977; Rhee et al., 1986; Rhee and 
Ziprin, 1987). However, Tichivangana and Morrissey (1985) 
reported that purified metmyoglobin (metmyoglobin) added to 
water-extracted beef or lamb muscle fibers containing the 
indigenous lipids exerted no catalytic activity for lipid 
oxidation in the system. Liu (1970a, b) determined the 
effects of pH and additives on linoleate oxidation catalyzed 
by metmyoglobin, Fe+2-EDTA (1:1) chelate, and raw beef 
homogenate and concluded that the catalytic activity of raw 
beef homogenate was due to both heme iron and nonheme iron.
A direct involvement of hemoproteins (metmyoglobin and 
methemoglobin) in lipid oxidation in muscle tissues has been 
suggested by Kanner and Harel (1985) and Rhee (1988). They 
reported that the interaction of hydrogen peroxide with 
metmyoglobin activated metmyoglobin to a form that was
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capable of initiating lipid oxidation. In the study by 
Kanner and Harel (1985), little or no lipid oxidation 
occurred in the sarcosomal fraction from turkey dark muscle 
in the presence of hydrogen peroxide alone or metmyoglobin 
alone, while oxidation occurred readily in the presence of 
metmyoglobin plus hydrogen peroxide. The strongest 
prooxidant effect was observed when the molar ratio between 
heme group and hydrogen peroxide was almost 1 :1 , with 
further increases in hydrogen peroxide concentration 
decreasing the prooxidant effect. However, the authors did 
not investigate whether hydrogen peroxide might release 
nonheme iron from metmyoglobin. This nonheme iron might be 
partly responsible for the predominant effect of 
metmyoglobin plus hydrogen peroxide (Kanner and Harel,
1985).
Autoxidation of oxymyoglobin or oxyhemoglobin leads to 
the formation of metmyoglobin or methemoglobin and the 
superoxide radical, which dismutes to hydrogen peroxide 
(Brown and Mebine, 1969; Misra and Fridovich, 1972; Gotoh 
and Shikama, 1976). Harel and Kanner (1985b) also suggested 
that in muscle tissues, a large part of hydrogen peroxide is 
generated by a nonenzymic reaction (presumably oxidation of 
heme pigments). Since the oxidation of oxymyoglobin to 
metmyoglobin is a common phenomenon in fabricated postmortem 
red meat, especially upon storage and display, hydrogen 
peroxide could be produced from the pigment oxidation in
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quantities sufficient to activate metmyoglobin and mediated 
initiation of lipid oxidation in red meat. Harel and Kanner 
(1985a) speculated that the reason for the relative 
stability of raw meat compared to cooked meat in regard to 
lipid oxidation is that catalase present in raw meat might 
partially prevent the activation of metmyoglobin by 
neutrali2ing hydrogen peroxide.
Iron and copper may catalyze lipid oxidation by enzymic 
or nonenzymic pathways. Nonenzymic metal-catalyzed lipid 
oxidation occurs in the presence of reducing agents such as 
superoxide, ascorbate or cysteine (Kanner et al., 1987). 
Sarcoplasmic reticulum catalyzed lipid oxidation occurs at 
the concentrations of iron and copper found in a low 
molecular weight (< 10 kilodalton) fraction of flounder 
muscle (Decker et al., 1989), but it is unknown whether 
nonenzymic metal-catalyzed lipid oxidation occurs at the 
concentration of low molecular weight metals and reducing 
compounds found in red meat.
Interaction of Myoglobin And Phospholipid Oxidation
Discoloration of fresh meat usually precedes lipid 
oxidation and lipid oxidation has been linked to myoglobin 
autoxidation (Hutchins et al., 1967; Greene, 1969; Faustman 
et al., 1989). The oxidized pigment (metmyoglobin) 
catalyzed the peroxidation of fatty acids in model systems 
(Kwoh, 1971; Rhee, 1988). The high correlation of the 
extent of lipid peroxidation with the degree of
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discoloration in raw meat products (Rhee and Ziprin, 1987) 
suggests that heme iron catalysis does influence oxidative 
processes in uncooked meat and meat products.
In the early 1970*5, hemoproteins (heme iron) were 
viewed as the major catalysts of lipid peroxidation in 
animal tissues (Hutchins et al., 1967). Kwoh (1971) 
presented evidence for the presence of catalytic activity of 
both heme iron and nonheme iron in cooked and raw meats, 
although heme iron was reported to be the dominant catalyst 
in cooked meat. In contrast, Love and Pearson (1974), and 
Igene et al. (1979) proposed that nonheme iron played a 
major role in accelerating lipid peroxidation in cooked 
meat. Studies have indicated that the porphyrin ring of 
myoglobin is an effective photosensitizer to produce singlet 
C>2 , which is a high-energy oxidant toward lipid as well as 
protein (Kanner, 1992). Whang and Peng (1988) also reported 
that protoporphyrin of myoglobin showed strong 
photosensitizing activity, that is, protoporphyrin was 
capable of generating singlet oxygen, while native and 
apomyoglobin exhibited no photosensitizing function.
Rhee et al. (1984) reported that the levels of 
thiobarbituric reactive substances (TBARS) of refrigerated, 
ground muscles were correlated with microsomal lipid 
peroxidation activity, total pigment and myoglobin content. 
Total pigment and myoglobin concentrations explained the 
differences in TBARS values of stored, raw muscles of beef,
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pork and chicken. Lin and Hultin (1977) showed that enzymic 
lipid peroxidation of a microsomal fraction prepared from 
chicken leg muscle led to oxidation of oxymyoglobin. The 
influence of phospholipid peroxidation on myoglobin 
autoxidation is probably of a radical nature; the radicals 
generated promote the oxidation of myoglobin (Anton et al., 
1993; Little and O'Brian, 1968a). Conversely, superoxide 
anion released from oxidization of oxymyoglobin dismutated 
to hydrogen peroxide and hydroxyl radicals that are potent 
prooxidants of phospholipids (Tajima and Shikama, 1987). 
Igene et al. (1979) also observed that myoglobin was not a 
prooxidant in cooked meat and that chelation of non-heme 
iron could inhibit lipid oxidation.
Rhee and Ziprin (1987) reported that microsomal enzymic 
lipid peroxidation activity was positively correlated with 
nonheme iron. In spite of the observed correlation between 
the two oxidative changes, it has not been directly proven 
that the oxidation of heme pigments causes or initiates 
lipid peroxidation in raw meats. Liu (1970a, b) determined 
the effects of pH and additives on linoleate oxidation 
catalyzed by metmyoglobin, a nonheme iron chelate (Fe+2- 
EDTA), and beef homogenate and concluded, on the basis of 
responses to additives and pH, that the catalytic activity 
of beef homogenate was due to both heme iron and nonheme 
iron.
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Membrane lipid peroxidation initiated by activated 
metmyoglobin was inhibited by glutathione, NADPH, salicylic 
acid, and low concentration of butylated hydroxytoluene 
(BHT) {Kanner and Harel, 1985). The addition of catalase to 
metmyoglobin before activation with hydrogen peroxide 
completely inhibited the activation. However, if catalase 
was added three minutes after the interaction between 
metmyoglobin and hydrogen peroxide, no inhibition occurred. 
Kanner (1992) reported that ferrylmyoglobin generated in 
muscle tissues oxidized cytosolic-reducing compounds, but 
not membrane lipids.
Gotoh and Shikama (1976) reported that the superoxide 
anion was shown to oxidize epinephrine to adrenochrome and 
caused other possible cytotoxic effects that deserve 
consideration. It has been shown that a tyrosine peroxyl 
radical, which is generated from addition of 0 2 to the 
initial tyrosine phenoxy radical during oxidation, together 
with the ferryl species produced, are important initiating 
species in myoglobin-induced lipid peroxidation (Stewart,
1990). An activated metmyoglobin(IV), could also initiate 
the oxidation of other biological molecules (Newman et al.,
1991).
Principles for Antioxidants Function
Antioxidants can be divided into two broad classes, 
preventive antioxidants or chain-breaking antioxidants 
(Fennema, 1985). Preventive antioxidants reduce the rate of
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chain initiation/ whereas the chain-breaking antioxidants 
interfere with chain propagation by trapping the chain- 
carrying radicals R00. or R. or both. Preventive 
antioxidants reduce hydroperoxides to corresponding alcohols 
or catalytically decompose them to nonradical products. 
Conventional chain-breaking antioxidants are generally 
phenols or aromatic amines that have antioxidant activity 
due to their ability to trap peroxyl radicals. For a 
phenol, such as a-tocopherol, the initial step involves a 
very rapid transfer of the phenolic hydrogen to the radical, 
R00* + ArOH -> ROOH + Ar0‘ (Fennema, 1985). The phenoxyl 
radical, ArO-, is resonance stabilized and is relatively 
unreactive toward RH and O2 , and therefore inhibit further 
chain reaction. It is eventually either destroyed by 
reaction with a secondary peroxy radical, R00’ + ArO* -> 
nonradical products, or it may be reduced to the initial 
phenol by reaction with a water-soluble reducing agent such 
as vitamin C, ArO* + AH“ ** ArOH + A" (Fennema, 1985).
Vitamin A
Vitamin A is a nonspecific term embracing two different 
groups of dietary factors. One group comprises various 
types of preformed vitamin A, including retinyl esters, 
retinol, and retinal. The other group has various types of 
provitamin A including a, p, and ycarotenes, cryptoxanthin 
and other carotenoids that can be metabolic precursors of
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retinol. p-Carotene is the most important carotenoid 
because it is the most abundant.
Ciaccio et al. (1993) reported that subcutaneous 
injection of retinol palmitate decreased lipid peroxidation 
as measured as malondialdehyde and conjugated dienes induced 
by doxorubicin injection in rats, especially in heart and 
brain. However, this antioxidant action was not through the 
enhancement of the activity of catalase or superoxide 
dismutase. They also observed increased concentrations of 
vitamin A in membranes of treated rats and concluded that 
excess vitamin may be localized in membranes. It has been 
proposed that p-carotene deactivates reactive chemical 
species such as singlet oxygen, triplet photochemical 
sensitizers and free radicals that will damage DNA, protein 
and lipid in biological system (Samokyszyn and Marnett,
1990). p-Carotene (2 mg) and vitamin A both inhibited the 
0 2 uptake by linoleic acid and prevented the oxidation of 
unsaturated fatty acid in vitro by 51 percent (Monaghan and 
Schmitt, 1932). Lower concentrations of vitamin A performed 
a short term inhibitory effect until vitamin A was depleted. 
In the presence of hemoglobin, the increase in oxidation of 
oxidized vitamin A resulted in acceleration of the rate of 
C>2 consumption by linoleic acid (Monaghan and Schmitt,
1932). The effectiveness of p-carotene (5 uM) as a quencher 
of both singlet oxygen and triplet sensitizers was 
demonstrated by Packer et al. (1981), providing support that
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P~carotene may be the most efficient quencher of singlet 
oxygen thus far discovered (Foote, 1976). However, the 
importance of this capability in mammalian systems is 
uncertain.
Joergensen and Skibsted (1993) reported the antioxidant 
effects of p-carotene, astaxanthin, canthaxanthin, and 
zeaxanthin on unsaturated fatty acids with metmyoglobin as a 
water-based free radical initiator in a lipid/water system. 
The inhibitory effect increased with increased concentration 
and decreased 02 partial pressure. Burton and Ingold (1984) 
reported that p-carotene exhibited radical-trapping 
antioxidant effects only at partial pressures of 0 2 less 
than 150 torr, which is the pressure of 02 in normal air.
Such low 02 pressures are found in most tissue under
physiological conditions. At higher 02 pressures, p- 
carotene loses its antioxidant activity and shows an 
autocatalytic, prooxidant effect, particularly at relatively 
high concentrations (Burton and Ingold, 1984).
p-Carotene and retinol easily dissolve in the lipids of
biological membranes (Noy and Xu, 1990, b) and injection of 
p-carotene in pigs also increased the concentration of 
p-carotene in plasma and lipoproteins in a dose-related 
manner (Chew et al., 1991). Therefore, it is reasonable to 
assume that membranes are one of the main cellular 




The lipophilic antioxidant vitamin E is a major 
nonenzymatic defense against cellular membrane damaged by 
free radicals (Burton et al., 1983). It interrupted radical 
chains by reacting with the lipid peroxyl radicals, CC13,
HO' and superoxide radicals (Ozawa et al., 1983) to form the 
relative stable tocopheroxyl radical (Burton et al., 1983), 
thus inhibiting propagation of the chain reaction. The rate 
constants, ks, for abstraction by peroxyl radicals of the a, 
p, y, and 6-tocopherols are 23.5, 16.6, 15.9, and 6.5 X 105 
M”1 s-1, respectively. Like most other phenols, these 
tocopherols react with two peroxyls per molecule. Yin et 
al. (1993) proposed that the tocopheroxyl radical could be 
reduced by the water-soluble antioxidant ascorbic acid to 
regenerate tocopherol. This reaction would make the 
reducing power of much larger water-soluble antioxidant 
pools available for the reduction of peroxyl radicals in 
membranes. The chemical feasibility of a one-electron 
tocopherol cycle was confirmed when Packer et al. (1979) 
directly observed tocopheroxyl radical reduction by ascorbic 
acid. Tocopherol and ascorbic acid also played a 
synergistic antioxidant effect in phosphatidylcholine 
liposome suspensions (Liebler et al., 1986). This finding 
suggested that electron transfer from the aqueous phase into 
the phospholipid bilayer can complete a one-electron 
tocopherol redox cycle in biological membranes.
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Okayama et al. (1987) reported that fresh beef steaks 
dipped in 0.08% DL-a-tocopherol had improved color and lipid 
stability than undipped steaks. Synergistic effects were 
observed for 13 days when combinations of a-tocopherol and 
ascorbic acid were applied. Similar results of a 22.5% to 
42.2% reduction in metmyoglobin formation were also reported 
by Mitsumoto et al. (1993b) with addition of d-a-tocopherol 
(6 mg/kg) into ground longissimus lumborum muscle. Yin et 
al. (1993) in studies on the a-tocopherol inhibition of 
lipid peroxidation and oxymyoglobin demonstrated that 
synergism with ascorbate greatly enhanced the antioxidant 
activity of tocopherol in vitro. Monahan et al. (1994) 
indicated that a-tocopherol supplemented swine diets 
increased microsomal membrane fluidity and reduced exudation 
in pork steaks. The membranes from pigs fed a-tocopherol 
supplemented diets were less susceptible to FeCl2-induced 
lipid peroxidation than controls (Mitsumoto et al., 1993a). 
Arnold et al. (1993b) supplemented steers with a-tocopherol 
acetate and found that concentrations of a-tocopherol in 
liver, lung, subcutaneous fat, omental fat, perirenal fat, 
kidney, diaphragm, spinal cord, longissimus lumborum and 
plasma at slaughter were elevated. Vitamin E inhibited 
oxidation at the surface and center of longissimus lumborum 
steaks displayed for 19 days.
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Enzymic Defense System in Biological System
In living organisms, a variety of enzymes, including 
catalase, superoxide dismutase and glutathione peroxidase 
{Oshino et al., 1973;-Tyler, 1975) work as preventive 
antioxidants and their protection is thought to be a 
reduction in the chain initiation. These enzymes are only 
effective against some of the radical species, i.e. the 
superoxide radical and hydrogen peroxyl radical. The 
principal chain-breaking antioxidant in living biological 
systems is superoxide dismutase, which acts in the aqueous 
phase to trap the superoxide radical anion (O2”) in the 
following reaction: 2O2 “ 1 + 2H+1 ->0 2 + H2O2 . The 
extinction coefficient is 0.3 mM-1 .cm_1 at 680 nm.
Superoxide dismutase is an extremely efficient enzyme and 
dismutes superoxide radicals with a rate constant of 
approximately 2 x 109 M_1S_1 (Fridovich and Handler, 1962; 
Rotilio et al., 1972). Kellogg and Fridovich (1975) 
reported that superoxide dismutase inhibited the 
peroxidation of linolenate in xanthine oxidase system.
Anton et al. (1993) reported that addition of certain 
enzymes to the microsomal model system, as superoxide 
dismutase, catalase, and glutathione peroxidase, decreased 
the autoxidation rate of myoglobin. This rate was more 
significant with superoxide dismutase than with catalase.
Hydrogen peroxide, one of the most potent oxidants in 
vivo, can be produced by dismutation of the superoxide
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anions which are generated from a large number of 
biochemical reactions (Fridovich, 1978). In cardiac and 
skeletal muscle tissues in particular, substantial amounts 
of superoxide radicals may also be generated from electron- 
transport systems in mitochondria (Forman and Kennedy, 1975) 
as well as in microsomes (Aust et al., 1972), so a 
considerable amount of hydrogen peroxide would accumulate. 
Catalase reduces hydrogen peroxide to water and 02. A study 
of subcellular distribution of glutathione peroxidase showed 
that it existed in mitochondria, microsome and cytosol 
(Little and O'Brien, 1968b). Glutathione peroxidase 
catalyzed peroxidized fatty acids (LOOH) and was described 
as 2 LOOH + 2 GSH — 2 LOH + H20 + GSSG (Diplock, 1991).
Chow and Tappel (1972) reported that exposure to ozone 
elevated lipid peroxidation as well as the activities of 
glutathione peroxidase, glutathione reductase and 1 glucose- 
6-phosphate (G-6-P) dehydrogenase. As a logarithmic 
function of dietary a-tocopherol (0, 10.5, 45, 150 and 1500 
mg/kg), the increase in formation of malondialdehyde and the 
increase in activities of peroxidase and G-6-P dehydrogenase 
were partially inhibited.
Modified Atmosphere Packaging with Gas Exchange Technology
Koski (1988) defined MAP as "the enclosure of food 
products in high gas-barrier materials, in which the gaseous 
environment has been changed to slow respiration rates, 
reduce microbiological growth, and retard enzymatic spoilage
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- with the final effect of lengthening shelf-life."
Modified atmosphere packaging is usually conducted by 
evacuation of the gas around the products and then back- 
flushing with pre-adjusted gas mixtures (Brody, 1989).
Carbon dioxide enriched packaging resulted in a longer 
shelf-life by inhibiting the growth of spoilage 
microorganisms and also retarding the growth of pathogens 
(Thomas et al., 1984; Gray et al. 1984; Hintlian and 
Hotchkiss, 1987; Huang, 1992). However, MAP with inert 
gases produced a purple color in meat that is a formidable 
barrier to successful merchandising because consumers are 
unfamiliar with the appearance of nonbloomed fresh meat 
products (Lynch et al., 1986). Metmyoglobin formation on 
the meat surface in MAP with elevated concentrations of 02 
or C02 is the other obstruction to the marketing of MAP 
meats (Newton et al., 1977; Seideman et al., 1980; Asensio 
et al., 1988; Przybylski et al., 1989).
Gas exchange with MAP allows extension of product 
shelf-life during distribution and storage of centrally 
packaged case-ready fresh meat (Mitchell, 1990; McMillin et 
al., 1992; Huang et al., 1993a, b; McMillin et al., 1994a, 
b; Ho et al., 1995a, b). With this technology, fresh meat 
is packaged in C02 and nitrogen (N2) gas mixtures for 
distribution and during this period, myoglobin exists as 
deoxymyoglobin. Gas in the fresh meat packages is exchanged 
for high levels of 0 2 before retail sale and converts
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deoxymyoglobin to oxymyoglobin with a bloomed color.
Studies have shown that fresh meat shelf-life was 
increased by dynamic gas exchange MAP technology with a 
bloomed color. When beef was packaged in a distribution gas 
of 80% N2 :20% 02 and gas exchanged to 80 %O2 :20% C02, lower 
lipid instability and psychrotrophic plate counts and higher 
HunterLab "L"and "a" color were observed than in beef that 
was vacuum packed and changed to PVC overwrap for retail 
display (Ho et al., 1995a). Huang et al. (1993b) reported 
that distribution storage of ribeye steaks and ground beef 
in 80% N2 :20% 02 at -3.8 and -12.2*C retarded psychrotrophic 
growth more than at 4.4<’C, but retail display color and 
oxidative stability were improved for meat at 4.4 and -3.8‘C 
after gas exchange with 80% O2 :20% C02 (Huang et al.,
1993b). Differences in shelf-life attributes due to gas 
mixtures in MAP were also investigated by Ho et al. (1995b), 
who packaged ground beef patties in distribution gases of 
80% N2 :20% C02, 50% N2:50% 02, or 80% O2 :20% N2, and
exchanged atmospheres with 80% O2 :20% CO2 :0% N2, 50% O2 :20%
CO2:30% N2, or 20% O2 :20% CO2:60% N2. Patties with 
distribution gas of 80% N2 :20% C02 had lower HunterLab "L"
values; display gas treatments containing higher 0 2
concentration increased HunterLab "a" values. Increased 
postmortem fabrication time from h and 48 to 9 6 hours 
decreased pH and weight retention and increased HunterLab 
"L" and "b" color values and psychrotrophic growth (McMillin
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et al., 1994b). Metmyoglobin reducing activity was not 
different between beef in vacuum or MAP (McMillin et al., 
1994b). No differences were observed between display gases 
of 80% 02:20% C02 or 60% O2:40% C02 for HunterLab ”L", "a" 
and "b" values, lipid oxidation and microbial counts of beef 
(McMillin et al., 1994b).
CHAPTER III
CHEMICAL AND MICROBIOLOGICAL CHARACTERISTICS OF RETAIL 





Case-ready beef has been estimated to have a $0.20 per 
pound less cost for store handling compared to store-cut 
beef (Bishop, 1988). Furthermore, it reduces costs due to 
spoilage of overwrapped meat and decreases the chances of 
contamination by human contact (Starr, 1992). However, 
centralized case-ready packaging has not been adapted by 
meat packers because acceptable technologies are not 
available to provide sufficient shelf-life with a bloomed 
red color oxymyoglobin for fresh red meat.
The available packaging technologies for case-ready 
fresh meat include vacuum-skin packaging and modified 
atmosphere packaging (MAP), which retain quality of meat 
products during distribution and storage (Faber, 1991). 
Nevertheless, MAP with inert gases or vacuum packaging 
results in the purple color of deoxymyoglobin pigment that 
is a formidable barrier to successful merchandising because 
consumers are unfamiliar with the appearance of nonbloomed 
fresh meat products (Lynch et al., 1986). Metmyoglobin 
formation on the meat surface in MAP with elevated 
concentrations of oxygen (02) or carbon dioxide (C02) is the 
other obstruction to the marketing of MAP meat (Newton et 
al., 1977; Seideman et al., 1980; Asensio et al., 1988; 
Przybylski et al., 1989).
Oxygen depletion in packaging by bacterial growth or 
any factors accelerating oxymyoglobin oxidation will cause
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formation of metmyoglobin leading to brown discoloration 
(Hood, 1980; Seideman et al., 1980). Consumer surveys 
showed that fresh meat with 20 percent metmyoglobin was 
discriminated by shoppers and was downgraded or rejected for 
purchase when metmyoglobin levels exceeded 40 percent 
(Greene et al., 1971; Hood and Riordan, 1973; MacDougall, 
1982) .
The patented gas exchange technology of Mitchell (1990) 
allows extension of product shelf-life during distribution 
and storage of centrally packaged case-ready fresh meat 
(McMillin et al., 1992; Huang et al., 1993a, b; McMillin et 
al., 1994a, b; Ho et al., 1995a, b). This technology uses 
gaseous mixtures of C02 and nitrogen (N2) for distribution 
and storage of meat, so myoglobin exists in deoxymyoglobin 
form. Exchange of the gases within packaging for high 
levels of 0 2 takes place before retail sale and converts 
deoxymyoglobin to oxymyoglobin resulting in a bloomed color.
Several studies have demonstrated that fresh meat 
shelf-life is increased by dynamic gas exchange MAP 
technology. Beef packaged in a distribution gas mixture of 
80% N2 :20% 02 and gas exchanged with 80% O2 :20% C02 had 
lower lipid instability and psychrotrophic plate counts and 
higher HunterLab "L" and "a" color than beef that was vacuum 
packed and changed to air-permeable overwrap for simulated 
retail display (Ho et al., 1995a). Higher psychrotrophic 
microbial counts, lower weight retention and bloomed color
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scores were observed for pork chops that were vacuum packed 
during distribution then overwrapped for retail display than 
chops from packaged in 80% N2 :20% C02 and gas exchanged with 
80% O2 :20% 02 before retail display (Huang et al., 1993a). 
Furthermore, for pork dipped in ascorbic acid, display life 
was extended by three days and the ascorbic acid dip 
combined with MAP produced a synergistic inhibitory effect 
on psychrotrophic growth (Huang et al., 1993a). Effects of 
distribution temperatures before gas exchange have also been 
compared. Huang et al. (1993b) concluded that distribution 
storage of ribeye steaks and ground beef in 80% N2 :20% 02 at 
-3.8 and -12.2’C retarded psychrotrophic growth more than at 
4.4°C, but retail display color and oxidative stability were 
improved for meat at 4.4 and -3.8'C after gas exchange with 
80% 02 :20% C02 (Huang et al., 1993b).
Differences in shelf-life attributes due to various 
ratios of gas mixtures in MAP were investigated by Ho et al. 
(1995b) who packaged ground beef patties in distribution 
gases of 80% N2 :20% C02, 50% N2:50% C02, or 20% CO2:80% N2, 
and gas exchanged with 80% O2 :20% CO2 :0% N2, 50% O2 :20% 
C02:30% N2, or 20% O2 :20% CO2:60% N2. Patties in 80% N2 :20% 
C02 distribution gas had lower HunterLab "L" values; display 
gas treatments containing higher 0 2 concentration had 
increased HunterLab "a". Increased postmortem fabrication 
time from h or 48 to 96 hours decreased pH and weight 
retention and increased HunterLab "L" and "b" and
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psychrotrophic growth (McMillin et al., 1994b).
Metmyoglobin reducing activity was not different between 
vacuum or MAP (McMillin et al., 1994b). No differences were 
observed between display gases of 80% 0 2 :2 0 % C02 or 60% 
O2 :40% C02 in HunterLab "L", "a”, "b" values, lipid 
oxidation and microbial counts (McMillin et al., 1994b).
Gas exchange after distribution of 15 days resulted in 
increased weight loss, pH, and psychrotrophic microorganism 
growth compared with exchange after 22 days of distribution 
at 2'C (McMillin et al., 1994a). The objective of this 
study was to determine microbiological and chemical quality 
of meat during retail display as influenced by other 
distribution times before gas exchange or different ground 
beef composition.
Materials and Methods 
Source of samples
Ground beef of 75 and 90% lean from trimmings at 30-80 
hours postmortem were packaged in air-impermeable MAP 
(barrier foam trays, Amoco Foam Products Company, Atlanta,
Ga, 02 permeability of 1.55 cc/m2/24 hr at 23 ’C 0% relative 
humidity and moisture permeability of 3.10 g/m2/24 hr at 
38*C 90% relative humidity and 50 guage lidding film, Plicon 
Corporation, Columbus, GA, 02 permeability of 9.3 cc/m2/24 
hr at 23*C 0% relative humidity and moisture permeability of 
3.10 g/m2/24 hr at 38*C 90% relative humidity) with 80% 
N2 :20% 02 in a ground beef processing plant (Signature
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Foods, Inc., Omaha, NE). Packaged products were shipped by 
refrigerated truck transport (O'C) to the Muscle Foods 
Laboratory at Louisiana State University Agricultural Center 
and stored at l’C until gas exchange at 15, 18, 20, 22, 25, 
27, or 29 days postpackaging. A gas exchange machine 
(Windjammer, Pakor, Inc., Livingston, TX) replaced the inert 
gaseous environment with 80% 0 2 :2 0 % CO2 before display under 
simulated retail conditions of 7°C and 1345 lux of cool 
white fluorescent light until sampling. Subjective and 
objective color profiles, pH values, gas concentrations, 
psychrotrophic plate counts, lipid stability, metmyoglobin 
formation and rancid odor were determined daily during five 
days of display.
Analytical procedures
The 02 and C02 concentrations in the headspace 
environment were measured using a Food Package Analyzer 
(Series 1400, Servomex, Sussex, England). The pH values 
were measured using a probe surface electrode (Extech 
Instruments Corp., Waltham, MA). Three readings were taken 
for each sample.
Psychrotrophic plate counts (PPC) were determined by 
plate count procedures. Each sample (20 g) was placed 
aseptically in a stomacher bag with sterile 0 .1% peptone 
solution (180 g) for homogenization (Stomacher 400 lab 
blender) for 2 min. Using "pour-plate" methods (APHA,
1976), suitable serial dilutions of the samples were plated
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with Standard Plate Count Agar (Difco) and incubated at 6 °C 
for 8 to 10 days before counting. The average number of 
colonies from the duplicate plates was reported as log 
colony forming units (CFU) per gram.
Objective color was evaluated using a Hunter Associates 
LabScan spectrocolorimeter (Model LABSCAN-2 0/45, Hunter 
Associate Laboratory, Inc., Reston, VA) for "L", "a" and "b" 
values following guidelines of measuring HunterLab color 
(Hunt et al., 1991). HunterLab "L" (lightness), "a" (degree 
of red/green) and "b" (degree of yellow/blue) werfe averaged 
on each sample by rotating ground beef 90' between three 
readings. A white plate (number 6274) with "L" = 92.4, "a"
= -0.7, and "b" = -0.9 and a black plate were used for 
instrument standardization. Visual discoloration was 
assessed by a 3-member panel of meat scientists using 
guidelines of Jeremiah and Greer (1982). Surface 
discoloration score scales were: 0 = none, 1 = 1-2 0 %, 2 = 
21-40%, 3 = 41-60%, 4 = 61-80%, and 5 = 81-100%.
Metmyoglobin formation was estimated using indicator of KS 
572/KS 525 (Stewart et al., 1965). Reflectance at 
wavelengths of 525 and 672 were measured and converted to 
K/S ratios (Hunt et al., 1991). K/S was calculated by the 
following formula: K/S = (1-R)2 /2R; R = reflectance values.
Rancid odor was assessed by three experienced panelists 
within ten seconds after packages were opened. The rating 
scale was 0 = no rancid odor, 1 = slight, 2 = moderate, 3 =
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strong, 4 = very strong, and 5 = extremely strong odor. 
Oxidative stability was determined using thiobarbituric acid 
reactive substances (TBARS) values in a distillation method 
as outlined by Tarladgis et al. (1960) at 535 run. The 
distillates were analyzed using a U-2000 spectrophotometer 
(Hitachi, Conroy, TX). Data were expressed as mg 
malondialdehyde per kilogram meat.
The statistical model was a split-split-plot 
arrangement with completely random design. The main plot 
was lean percentage (90 and 75%), subplot was gas exchange 
time (15, 18, 20, 22, 25, 27 and 29 days), and sub-sub-plot 
was retail display time (1, 2, 3, 4 and 5 days). Two 
packages were taken for each treatment and there were 140 
total samples (2 leanness X 7 gas exchange time X 5 display 
time X duplicate samples). All data were analyzed by 
analysis of variance (ANOVA) using the general linear models 
(GLM) procedure of the Statistical Analysis System (SAS, 
1985). Least Squares Means procedures with differences of 
P*0.05 were used to separate the means of different lean, 
gas exchange time and display (Steel and Torrie, 1980; SAS, 
1985). Correlation coefficients of shelf-life traits were 
obtained using SAS (SAS, 1985).
Results and Discussion
Analyses of variance (ANOVA) indicated that the 
headspace concentrations of 02 and C02 were affected by 
display time, but not by lean composition of ground beef nor
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gas exchange time. The interaction between gas exchange and 
display time also affected C02 concentration (Table A.3.1).
A decreasing trend was observed for 02 concentrations for 
display from day one through day five of 64.80, 59.40,
55.86, 54.62 and 46.04%, respectively (s.e.m.= 1.63). An 
increasing trend was observed for C02 to increase with 
display time (Table 3.1). For ground beef gas exchanged at 
15 days postpackaging, the C02 levels did not change during 
display.




2 3 4 5
15 19.45abc 20.55abcd 19.75abcd 21. Q5abcde 20.15abcde
18 19.48abc 21.18abcde 21. 33abcdef22 . 70cdefg 17.80a
20 19.38abc 2 1 . 03abcd® 2 1 . 4 3abcdef22 .58cdefg 2 3.13cdefg
22 2 0 . i8abcd 2 1 . 0 0abcde 20 . 38abcd 22.71bcdefg25.15fgh
25 19 9 jflbcd 20 . 4 3abcd 20.08abcd 2 1 . i3abcde 26.35gh
27 18.35a 21. 53abcdef20 . 40abcd 23.15cdefg 24.55efgh
29 19.33ab 20.7 3abcde 23.35defg 28.05hi 30.781
a-i Least square means with the same superscript were not 
different (P<.05).
S.E.M. = 1.37.
The C02 concentrations on the first and second display 
day with other gas exchange days remained at the same 
levels; however, C02 increased on the fourth display day for 
gas exchange treatment at 29 days postpackaging.
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Oxygen decreased while C02 increased with increased 
storage time in MAP (Fu et al., 1992; Huang et al., 1993b). 
Declines in 02 have generally been coupled with increased 
C02 in several previous studies with MAP. Gas permeation 
through film, absorption of gas by meat, and respiratory 
activity of bacteria and meat are often cited as responsible 
for changes in C02 during storage (Wolfe, 1980).
Factors affecting (P<0.05) changes of pH values 
included gas exchange, display time and interactions of lean 
composition and display time, gas exchange and display time 
and fat, gas exchange and display time (Table A.3.2). A 
decreasing trend in pH was observed with increased gas 
exchange and display time. The pH values remained at the 
same level until the fifth display day for ground beef of 
90% lean gas exchanged at 15 and 18 days postpackaging. A 
decreasing trend was observed as the display time increased 
for samples that were gas exchanged from 20 to 29 days 
postpackaging (Table 3.2). A similar trend was observed for 
the samples of 75% lean (Table 3.3).
The decrease in pH in MAP with elevated C02 
concentration agreed with Seman et al. (1989) and Huang, 
(1992) who reported that a decreased pH value was observed 
for meat products in C02 enriched packaging (P<0.05). Brody 
(1989) explained that the decrease in pH was due to the 
adsorption of 0 2 on the meat surface and subsequent 
ionization of the carbonic acid. However, no significant
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15 5.85fgh 5.82ef 5.85fgh 5.86fghi 5.88ghi
18 5.90hi 5.89hi 5.88ghi 5.89hi 5.85fgh
20 5.90hi 5 . 911 5.911 5.87fghi 5.79de
22 5.87fghi 5.89hi 5.84efg 5.84efg 5.7 9de
25 6.00^ 5.88ghi 5.82ef 5.70b 5.75cd
27 5.82ef 5.73bc 5. 7 6cd 5.7 3bc 5.7 3bc
29 5.72bc 5.73bc 5. 68b 5.61a 5.75cd
a-3 Least square means with 
different (P<.05). 
S.E.M. = 0.02.
the same superscript were not
Table 3.3 exchange.





15 5.8 8gh 5.88gh 5.94ij 5.92hi 5.94*3
18 5.983k 5.97jk 5 .95*3 5.89gh
20 5.95^ 5.97jk 5.95i;i 5.88gh 5.83def
22 5.91hi 5.95*3 5.92hi 5 . 86efgh 5.83def
25 6.00k 5.88gh 5.82def 5.85efg 5.7 7C
27 5.87fgh 5.79cd 5.85cde 5. 77c 5.78cd
29 5.80cde 5.78cd 5.79cd 5.72b 5 . 67a




changes in pH were reported for meat sandwiches and salmon 
fillets packaged in C02 (Garcia et al., 1987; McMullen and 
Stiles, 1991).
Log numbers of psychrotrophic colony forming units were 
influenced by gas exchange, display time and interactions of 
gas exchange and display time, and lean composition, gas 
exchange and display time (Table A.3.2)(P<0.05). Generally, 
psychrotrophic counts increased with increased display time 
and gas exchange day (Tables 3.4 and 3.5). Samples on the 
first display day after gas exchange at 20 days 
postpackaging had lower psychrotrophic counts than samples 
on the fifth display day that were gas exchanged 15 days 
postpackaging although both were at the same 2 0th 
postpackaging day. A longer time before gas exchange 
delayed the contact of 02 with ground beef. Samples at the 
same postpackaging day with later gas exchange time and 
shorter display time had lower psychrotrophic growth when 
compared with samples from earlier gas exchange time with 
longer display. Previous studies also showed a similar 
phenomenon that the increase in psychrotrophic plate counts 
at the third and fifth display days was faster for steaks 
that were gas exchanged at 22 days postpackaging than at 15 
days (McMillin et al., 1994a).
The initial microbial loads for ground beef of 75 and 
90% lean were different; samples of 90% lean had about one 
log lower CFU per gram of meat. According to Elliott and
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15 3 . 67a 4.55° 5.44d 5.93efg 6.36ghi3
18 4.13b 5.60def 6 .24ghi 6 .33ghi^ 6.65^k
20 4.6 8c 5.94fg 6.55hijk 6.87kl 6.82kl
22 6.17gh 6 .0 0fg 6 .54hi k̂ 6 .37ghij 6.75ikl
25 5.58de 6.29ghi3 6 .59hi k̂ 7.lllm 6 .7l^kl
27 6.61hi’k 6.85kl 6.71^kl 7 .11lm 6.96kl
29 7.47m 7 .49m 7.17lm 6.85kl 6.72^kl
1 Colony forming units/ gram meat.
a-m Least square means with the same superscript were not 
different (P<.05).
S.E.M. = 0.16.
Table 3.5 Psychrotrophic growth1 of 75% lean ground beef 
after gas exchange.
Gas Exchange Display (days)
(days)_____ 1_________ 2_________ 3_________ 4_________ 5
15 4. 67a 5.0 0ab 5 . 72cd 6.26efg 6.72ghi k̂
18 4.77a 5.50c 6#37efgh 6.53fghi 6>8gijklmn
20 4.99ab 6 .llde 6.51efghi 6 8 2 hijklm 7.18lmn
22 5.47bc 6 .llde 7.27lrnn 6 .87i7klmn 6 .92î klmn
25 5.56c 6.26efg 6 . 68ghi3 6.85Liklm 6>g3ijklmn
27 6 .14def 6 .59fghi 6.76hi3kl 7 .42n 6 .78hi7klm
29 6.83hijklm 7 7 .2 3mn 7.15lmn 7 ogiklntn
1 Colony forming units/gram meat.




Michener (1961), off-odors formed when the log numbers of 
bacteria reached 6.5 - 8.0/cm2. The microbiological shelf- 
life for ground beef gas exchanged at 15, 18, 20, 22, 25, 27 
and 29 days postpackaging were 20, 22, 24, 26, 29, 31 and 33 
days, respectively. Although Ogilvy and Ayres (1951) 
explained that reduction of microbial growth rate in C02 
enriched packaging might be due to decrease in pH created by 
C02, the reduction of psychrotrophic growth in our study did 
not correspond to the changes in pH.
Gas exchange, display time and the interaction of gas 
exchange and display time, but not lean composition, 
contributed to the changes in HunterLab "L" values (P<0.05) 
(Table A.3.3). HunterLab "L" values decreased and then 
increased during display time for ground beef gas exchanged 
on Day 15, 18, 20, 22, 25 and 29 (Table 3.6). A trend to 
increase was observed for samples that were gas exchanged on 
Day 27 as the display time progressed.
McMillin et al. (1994a) compared beef loin steaks 
packed in MAP and observed that HunterLab "L” values were 
not different at the first display day for steaks that were 
gas exchanged after 15 and 22 days postpackaging. They 
reported that HunterLab "L" values of samples that were gas 
exchanged at 15 days postpackaging did not decrease until 
the fifth display day. However, "L" values for steaks that 
were gas exchanged at 22 days decreased at the third day and 
increased at the fifth display days. Huang et al. (1993a,
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b) reported that HunterLab "L" values of pork chops and 
ground beef increased during distribution time/ followed by
a decreasing trend with display time after gas exchange.




2 3 4 5
15 37 .03fghij 35.49cdef 35 .32bodef 34.67bcde 36.10efgh
18 36.20efgh 33.06ab 34.40bcde 33.47abc 32.08a
20 37.36fghij 35.i4bcdef 34.39bcde 35.7 9defg 37.94ghij
22 34.57bcde 36.09efgh 34.08abcd 35.I2bcdef 38.15hij
25 36.36efghi 35.39cdef 33.62abcd 37.43fghij 38.53^
27 35.52cdef 36.01efgh 37.67fghij 37 .34fghi3 38.89^
29 38.21hi^ 34 .56bcde 38.63^ 39.12j 42.14k
a-k Least square means with the same superscript were not
different (P<.05).
S.E.M. = 0.80.
HunterLab "a" values were affected (P<0.05) by gas 
exchange, display time and interactions of gas exchange and 
display time and fat, gas exchange and display time, but not 
lean composition (P>0.05)(Table A.3.3). HunterLab "a" 
values were the same on the first day of display regardless 
of time of gas exchange. Gas exchange with high 
concentrations of 0 2 caused myoglobin to be oxygenated and 
become oxymyoglobin, known as bloomed color. This was 
consistent with another study where HunterLab "a" values of 
steaks from treatments of gas exchanged at 15 and 22 days 
postpackaging were the same at the first and third display
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days followed by a decrease at the fifth display day 
(McMillin et al., 1994a).
HunterLab "a" values decreased for both 75 and 90% lean 
ground beef as the display time increased (Tables 3.7 and 
3.8). A greater rate of decline in HunterLab "a" values 
with display time was observed for samples that were gas 
exchanged at later times after packaging. Huang et al. 
(1993b) also reported that increases in "a" values of steaks 
and ground beef were observed after gas exchange which were 
followed by decreased values for six days of display. An 
increasing trend in HunterLab Ha" values of steaks after gas 
exchange continued from 0 to 24 hours (McMillin et al., 
1994b). The trend of increased "a" values was also observed 
for pork chops that were gas exchanged at seven days 
postpackaging and the trend lasted throughout the seven 
display days (Huang et al., 1993b).
HunterLab "b" values were affected (P<0.05) by gas 
exchange, display time and interactions of gas exchange and 
display time and lean composition, gas exchange and display 
time (Table A.3.3)(Tables 3.9 and 3.10). Ground beef of 90% 
lean generally had lower HunterLab "b" values than samples 
of 75% lean on the first display day after gas exchange. A 
slight decrease in HunterLab "b" values with increased 
display time was observed for 75 and 90% lean ground beef. 
Huang et al. (1993b) reported that after gas exchange, 
HunterLab "b" values for pork increased and then decreased
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2 3 4 5
15 17.79ab 16.74abc 14.97cd 1 1 .96ef 8.18gh
18 16.39bc 7.58h 7.70h 8 .27gb 7 .17hi
20 18.78a 16.27bc 12.42® 7.93gh 2 .78kL
22 17.20abc 16.55abc 13.2 5d® 4.92i3k 2 .541
25 17 .03abc 16.68abc 11.45ef 3.383kl 2.141
27 18.48ab 13.36de 5.27^ 2 .361 1.941
29 18.0 0ab 1 0 .1 0fg 3.29jkl 2.541 1.811












2 3 4 5
15 18.4la 16.22abcd 13.64efg 1 2 .8 6fgh 9.281
18 17 .6 6ab 11.19hi 8.06^k 7.24^k 7.16jk
20 13 92efg 15.17de 14.27def 5.87kl 3.98lmn
22 18.37a 15.58bcde 12.04gh 8.193k 2.93n
25 18.08a 15.64bcde 8.763 2.52n 2.37n
27 17.49abc 15.2 2cde 5.58klm 2.98n 2 .2 0n
29 18.41a 1 2 .0 0gb 6.19kl 3.3lmn 2 .43n











15 6.63abcdefg 6.94abcdef 7 .16abcd 5.48ghi k̂ 5.51ghi^
18 6 .55abcdefg 3-31n 3.99lran 4.14^1mn 3 .4 7mn
20 7 . 29abc 6.92abcdef 5.94cdefgh1 5.70fghi3 7.39ab
22 6 y 2 3 ®̂ ®̂ 6.42bcdefgh 4.573klmn 5 .6 7fghij
25 5 Q5defghij 7 ggabcde 5.41hijk 5.72fgh ĵ 5 .84efghij
27 7 . 09abcd 6.81abcdef 5.37hi k̂ 5.63fghi3 5i34hijkl
29 7 . 9la 4.83ijklm 5.35hi3kl 6 82abcdef 6.62abcdef
a-n Least square means with the same superscript were not
different (P<.05).
S.E.M. = 0.48.
Table 3.10 HunterLab "bf' values of 75% lean ground beef
after gas exchange.
Gas Exchange Display (days)
(days) 1 2 3 4 5
15 8.36abc 7.82abcdef 6.49fg 7.60abcdef 7.85abcdef
18 8 .33abc 5.99gh 6 .16gh 4.89hi 4.101
20 7.02cdefg 7.38abcdef 8 .44ab 7 gpabcde 6 .84defg
22 8 . 3 3abc 8 . 07abcd 7 3 0^^^®^ 6.69defg 7 7 âbcdef
25 8 . 07abcd 7 . 9 3abcd 6.55efg 7 3 3 b̂cdef e.gidefg
27 7.82abcdef 8.00abcd 7 jj3abcdef gflbcdsf y •y *ydbcd3f
29 8 , 4 9a 7 .Qgbcdefg 6 .34g <y <y gdbcdsf 7 ̂ g^abcdefg




with display time. McMillin et al. (1994a) reported a 
decreasing trend in "b" values for steaks with increasing 
display time and this decrease was greater with increased 
gas exchange time. Hotchkiss et al. (1985) also reported a 
decrease in yellowness of chicken quarters packaged in O2 
enriched environment after 35 days of storage at 2'C.
Metmyoglobin formation on meat surface was measured 
using K/S ratio of spectral 572 nm/525 nm, with higher K/S 
values representing less metmyoglobin formation (Stewart et 
al., 1965). The most appropriate method to measure meat 
discoloration is to use a direct reflectance measurement 
without disrupting meat structure to estimate the relative 
amount of metmyoglobin (Hunt et al., 1991). Reflectance 
measurement closely relates to what the eye and brain 
envision (Hunt et al., 1991). Reflectance at wavelengths 
that are isobestic are measured using a spectrocolorimeter 
and converted to K/S ratios. Isobestic wavelength is.the 
wavelength at which two compounds have the same reflectance. 
The wavelength of 572 nm is isobestic for deoxymyoglobin and 
oxymyoglobin, and 525 nm is isobestic for oxymyoglobin, 
deoxymyoglobin and metmyoglobin. Therefore, (K/S 572)/(K/S 
525) was used for estimation of metmyoglobin. Conversion of 
reflectance to K/S values makes data more linear and helps 
account for the light scattering (s=scattering coefficient) 










































Figure 3.2 Metmyoglobin formation of 75% lean ground beefafter gas exchange.
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Gas exchange day, display day, interactions of gas 
exchange day and display day and lean percentage, gas 
exchange and display day affected metmyoglobin formation 
(Table A.3.4). The metmyoglobin K/S ratios decreased 
with the gas exchange time and display day so higher levels 
of metmyoglobin formation were observed as the gas exchange 
time and display day progressed. The metmyoglobin levels on 
the meat surface were similar soon after gas exchange for 
all gas exchange days (Figures 3.1 and 3.2, Tables A.3 .6 and 
A.3.7). Amounts of metmyoglobin increased as the display 
time progressed and the rate of metmyoglobin formation 
increased with display time in samples with longer time 
before gas exchange.
Surface discoloration was affected (P<0.05) by gas 
exchange and display time and interactions of gas exchange 
and display time, fat and display, and fat, gas exchange and 
display time (Table A.3.4). A bloomed color was observed 
for ground beef immediately after gas exchange regardless of 
the gas exchange time. No brown discoloration was detected 
during the fifth display day at the first gas exchange day 
treatment of 15 days (Tables 3.11 and 3.12). For ground 
beef gas exchanged at 18 to 22 days postpackaging, 
discoloration did not occur until the fourth display day. 
When samples were gas exchanged at 25, 27 and 29 days, more 
than 2 0 % discoloration was detected at the third display 
day.
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15 0 .0a 0 .0a 0 .0a 0 .0a 0 .0a
18 0 .0a 0 .0a 0 .0a 2 . 0b 4. 5d
20 0 .0a 0 .0a 0 .0a 5. 0d 5. 0d
22 0 .0a 0 .0a 0 .0a 3. 0C 5. 0d
25 0 .0a 0 .0a 0 .0a 5. 0d 5 . 0d
27 0 .0a 0 .0a 2 . 0b 5. 0d 5 . 0d
29 0 .0a 0 ,0a 4 . 5d 5. 0d 5. 0d
1 0 = no 
= 61
discoloration, 1 = 
-80%, 5 = 81-100%.
1-2 0 %, 2 = 21-40%, 3 = 41-60%, 4
a_d Least square means with the same superscript were not
different (P<.05). 
S.E.M. = 0.2.
Table 3.12 Subjective color scores1 of 75% lean ground beef 
after gas exchange.
Gas exchange Display (days)
(days) 1 2 3 4 4
15 0 ,0a 0 .0a 0 .0a 0 .0a 0 .0a
18 o.oa 0 . 0a 0 .0a 1. 5a 5 . 0d
20 o.oa 0 .0a 0 .0a 4. 5cd 5 . 0d
22 o.oa o.oa 0 .0a 4. 0bc 5. 0d
25 o.oa o.oa 3.5b 4. 5cd 5. 0d
27 o * o 0 o.oa 4. 5cd 5. 0d 5. 0d
29 o.oa o.oa 4. 0bc 5. 0d 5. 0d
1 0 = no discoloration, 1 = 1-20%, 2 = 21-40, 41-60%, 4 = 
61-80%, 5 = 81-100%.




When ground meat was gas exchanged with gaseous 
mixtures of high 0 2, myoglobin was oxygenated to 
oxymyoglobin. Enrichment of packaging with 02 inhibited 
metmyoglobin formation and maintained a desirable red 
surface color (Taylor and MacDougall, 1973; Daun et al., 
1971). After extended display time, oxymyoglobin became 
oxidized to metmyoglobin because of the exhaustion of 
reducing capacity in the meat system (Ledward, 1972).
Rancid odor was influenced <P<0.05) by gas exchange, 
display time and interactions of gas exchange and display 
time and fat, gas exchange and display time (Table A.3.5). 
Rancid odor scores increased with increased gas exchange day 
and display time. No rancid odor was detected during the 
five display days for samples gas exchanged 15 days 
postpackaging (Tables 3.13 and 3.14). For 90% and 75% lean 
samples that were gas exchanged at 18, 20 and 22 days 
postpackaging, rancid odor did not develop until 22, 24, and 
2 6 and 22, 23, and 25 days postpackaging, repectively. 
Development of strong rancid odor was not detected until 27, 
29 and 32 days after packaging for 75% lean ground beef with 
gas exchange on 25, 27 and 29 days, repectively. Gas 
exchange technology allows fresh meat to be stored in a 
gaseous mixture of C02 and N2 for distribution. Since 02 
was not introduced to packaging until retail display, the 
development of rancid odor was retarded for several days 






odor scores1 of 90% lean ground beef
Gas Exchange Display (days)
(days) 1 2 3 4 5
15 0 . 0a 0 .0a 0 . 0a 0 .0a 0 .0a
18 o.oa 0 .0a 0 .0a 1 .0ab 2 .0bcd
20 o.oa 0 . 0a 0 .0a 1. 5bc 5 . 0g
22 o.oa 0 .0a 0 . 0a 2 .0bcd 4. 0f
25 1 .0ab o.oa 1 .0ab 3. 0d 5 .09
27 1. 5bc 0. 5a 3.5e 5. 0g 5. 0g
29 2 . 5cd 2 . 5bc 4 . 5fg 5. 0g 5. 09
1 0=no, l=slight, 2=moderate, 3=strong, 4=very strong, 
5=extremely strong. 






odor scores1 of 75% lean groundi  beef
Gas Exchange Display (days)
(days) 1 2 3 4 5
15 0 .0a 0 .0a 0 .0a 0 .0a 0 .0a
18 0 . oa 0 .0a 0 .0a 0. 5ab 5. 0e
20 o.oa 0 .0a 0 .0a 4. 0de 4.5e
22 o.oa o.oa 0 .0a 4. 0de 5 . 0e
25 1 .0ab o.oa 4. 0de 5, 0e 5. 0e
27 1. 5bc 1 .0ab 3. 5d 4. 5de 5.0s
29 2. 5cd 1 .0ab 2. 5cd 4. 5de 5. 0e
1 0=no, l=slight, 2=moderate, 3=strong, 4=very strong,
5=extremely strong.




associated with rancid odors. Taylor (1985), using beef and 
pork in MAP with 02, showed that off-odor and rancidity 
developed more rapidly than in vacuum packaging.
Lipid stability indicated by TBARS values was affected 
(P<0.05) by gas exchange and display time, but not by lean 
percentage. Interactions of gas exchange and display time 
and fat, gas exchange and display time also influenced lipid 
oxidation (Table A.3.5). Generally, TBARS values increased 
as the display time increased. The TBARS values were at 
about the same levels on the first two days of display time 
for the different times of gas exchange. The TBARS 
increased at a greater rate with longer display time in 
samples with the extended gas exchange day treatments 
(Tables 3.15 and 3.16). Trends of the changes in TBARS were 
similar for 75 and 90% lean ground beef.
The increasing trend in TBARS with display time after 
gas exchange has been reported for steaks and ground beef 
(Huang et al., 1993b; McMillin et al., 1994b; Ho et al., 
1995b). Gas exchange of meat from gas mixtures of 80%
N2 :20% C02 to 80% O2 :20% C02 accelerated the oxidation of 
lipids (Huang et al., 1993b; McMillin et al., 1994b; Ho et 
al., 1995a and b). Development of discoloration can be a 
shelf-life indicator because discoloration occurs before 
rancidity and spoilage in fresh meat (Greene, 1969; 
MacDougall, 1982), as was found in the present study.
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Table 3.15 Lipid stability1 of 90% lean ground beef aftergas exchange.
Gas exchange Display (days)
(days) 1__________ 2__________ _ 3 _________ 4_________ 5
15 0.146abcd 0.265bcdefgh 0.229abcdf 0.325efghi 0.530^k
18 0.122ab 0.274bcdefgh 0 . 350fghi 0.342fghi• 0.407hi3
20 0.123ab 0.185abcde 0.294defghi 0.400hi^ 0.96 6mn
22 0.097a 0.206abcdef 0 . 243abcdefg0 . 734m 0. 379ghi^
25 0.083a 0.135abc 0.180abcde 0.722lm 0.997n
27 0.091a 0.306efghi 0.443i3Jc 0.703lm 1.090"
29 0 .1 9 6abcdef9 0 279cdefgh 0.568kl 1.057n 1.267°
mg malondialdehyde/kg meat, 
a-o Least square means with the same superscript were not 
different (P<.05).
S.E.M. = 0.055.
Table 3.16 Lipid stability1 
gas exchange.
of 75% lean ground beef after
Gas exchange Display (days) 
(days) 1 2  3 4 5
15 0 .117ab 0 . 221abcd 0.208abcd 0.29 3cde 0.333def
18 0.129ab 0.231abcd 0.318de 0.317de 0.336defg
20 0 .155abc 0.210abcd 0.210abcd 0.325def 0.506h
22 0 . 087a 0 . 200abcd 0.257bcd 0.492gh 0.490gh
25 0 .128ab 0 . 241abcd 0.236abcd 0.877j 0.990j
27 0 . 088a 0.225abcd 0.435efgh 0.6931 1.006^
29 0.140abc 0.i9Qabcd 0.479fgh 0.7261 1.2 69k
1 mg malondialdehyde/kg meat.




Correlation analyses indicated several high 
relationships among variables (Tables 3.17). HunterLab "a" 
values were positively correlated with degree of 
discoloration and metmyoglobin K/S ratios and negatively 
correlated with rancid odor and lipid instability 
<P<0.0001). More metmyoglobin formation was correlated with 
higher rancid odor scores and TBARS and higher discoloration 
scores (PcO.OOOl). Subjective color scores were negatively 
correlated with rancid scores and oxidative stability 
(PcO.OOOl). Rancid odor was positively related to lipid 
oxidation (P>0.0001). A high correlation between lipid 
oxidation and discoloration has been previously reported 
(Rhee et al., 1985; Anton et al., 1993). Lipid 
autoxidation causes flavor deterioration and off-odors 
(Lillard, 1987).
Conclusions
Ground beef that had gases exchanged after longer 
distribution times had lower HunterLab "a" and 
psychrotrophic microorganisms and higher lipid oxidation, 
metmyoglobin formation, discoloration and rancid odor 
scores. Extended display time increased the psychrotrophic 
growth, HunterLab "L" color scores, metmyoglobin formation, 
discoloration and rancid odor scores and decreased HunterLab 
"a" color values. Increased distribution time of ground 
beef in 80% N2 :20% C02 before gas exchange decreased retail 
shelf-life, but increased the overall shelf-life. Ground
Table 3.17 Correlation coefficients1 of psychrotrophic microorganisms, HunterLab "L", "a" 
and ”b” values, metmyoglobin formation, subjective color scores, rancid odor and lipid 
stability.
PPC "L" "a" “b" MMB Color Odor TBARS
PPC 1 . 0 0 * • ♦ • • • •
"L" 0.17
(0.05)
1.00 * # • * • •
“a" -0.61
(0 .0 0 0 1 )
-0 . 2 0
(0.0196)
1.00 • ■ * * •
Hb" -0.11
(0 .2 1 )
0 . 6 8
(0 .0 0 0 1 )
0.36
(0 .0 0 0 1 )
1.00 * • • •
MMB -0.58
(0 .0 0 0 1 )
-0.34
(0 .0 0 0 1 )
0.94
(0 .0 0 0 1 )
0 .11
(0 .2 1 0 1 )
1.00 • • •
Color -0.53








(0 .0 0 0 1)
1.00 • •
Odor 0.58








(0 .0 0 0 1 )
-0.89
(0 .0 0 0 1 )
1.00
TBARS 0.47 0.31 -0.82 -0.09 -0.85 -0.77 0.76 1.00
(0 .0 0 0 1 ) (0 .0 0 0 2 ) (0 .0 0 0 1 ) (0.2682) (0 .0 0 0 1) (0 .0 0 0 1 ) (0 .0 0 0 1 )
1 Correlation coefficients with associated probability values.
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beef gas exchanged at 15, 18, 20, 22, 25, 27 and 29 days had 
display color shelf-life of 5, 3, 3, 3, 3, 2 and 2 days; 
therefore, the total shelf-life would be 19, 21, 22, 26, 28, 
30 days before discoloration, rancidity development, or 
microbiological spoilage. In conclusion, extending gas 
exchange time for ground beef prolonged the overall shelf- 
life, but decreased the display shelf-life.
CHAPTER IV
ANTIOXIDANT ACTIVITY OF 3-CAROTENE AND o-TOCOPHEROL ON 





Metmyoglobin formation and lipid oxidation of beef are 
important factors in maintaining a stable display of retail 
meat. The undesirable brown metmyoglobin results from 
oxidation of myoglobin pigments. Lipid oxidation and 
pigment oxidation appear interrelated (Greene 1969; Kanner 
et al., 1987; Anton et al., 1993). Since myoglobin is 
capable of inducing oxidation of linoleate and arachidonate 
(Grisham, 1985; Galaris et al., 1990) and myoglobin may be a 
strong photosensitizer and generate singlet oxygen (Whang 
and Peng, 1988), a strategy for maintaining optimum meat 
color involves the delay of pigment oxidation (Giddings, 
1974, 1977).
a-Tocopherol is regarded to be the most important 
antioxidant existing in biological systems (Halevy and 
Sklan, 1987). Postmortem addition of a-tocopherol has been 
shown to preserve color and lipid stability (Okayama, 1987; 
Okayama et al., 1987; Mitsumoto et al., 1993a). Pigment and 
lipid instability have been decreased in meats of several 
species by dietary vitamin E supplementation (Faustman et 
al., 1989; Lanari et al., 1993; Arnold et al., 1993a, b; 
Mitsumoto et al., 1993b; Buckley et al., 1995; Liu et al., 
1995) .
There is a growing interest in (S-carotene, because of 
the proposed relationships between the decreased incidence 
of cancer and the consumption of (5-carotene (Johnson, 1993).
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The effectiveness of 3-carotene as a quencher of both 
singlet oxygen and triplet sensitizers has been demonstrated 
(Foote, 1982). In other studies, researchers also concluded 
that 3-carotene exhibits antioxidant activity by reacting 
with chemical species such as singlet oxygen, triplet 
photochemical sensitizers and free radicals which damage 
DNA, protein and lipid (Burton and Ingold, 1984; Samokyszyn 
and Marnett, 1990; Ciaccio et al., 1993). Monaghan and 
Schmitt in 1932 reported that 3-carotene inhibited the 
oxidation of linoleic acid. Burton and Ingold (1984) 
observed that 3-carotene exhibited high radical-trapping 
behavior only at partial pressures of 02 less than 150 torr 
and showed an autocatalytic, prooxidant effect at high 0 2 
concentrations. However, the antioxidant activity of 3“ 
carotene against phospholipid and myoglobin oxidation in a 
muscle system has not been evaluated.
Use of combinations of 02, C02 and N2 for MAP to 
inhibit the growth of spoilage microorganisms and extend the 
shelf-life was reviewed by Brody (1989). The partial 
pressure of 0 2 was reported to be associated with the 
oxidation of myoglobin (Pearson and Dutson, 1986) and, 
therefore, 0 2 has been included in gas mixes to induce 
blooming of meat pigments and minimize metmyoglobin 
formation in the meat (Daun et al., 1971; Taylor and 
MacDougall, 1973). Daun et al. (1971) observed that fresh 
meat in 90% 02 MAP developed metmyoglobin at a slower rate
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after 10 days when compared with air-permeable packaged meat 
after six days. Packaging with 100% C02 and 70% N2:25% 
C02 :5% 02 MAP had greater inhibitory effects on the growth 
of aerobic microorganisms, but beef color was less desirable 
than that in 100% 02 up to 20 days {Huffman et al.,1975). 
Steaks packaged in display gas of 80% O2 :20% C02 had higher 
HunterLab "L" than steaks in 60% O2:40% C02 (McMillin et 
al., 1994a). When compared with the beef loin steaks in 80% 
O2 :20% C02 after gas exchange, meat in 60% 02:40% C02 had 
higher HunterLab "b" (McMillin et al., 1994a). Pork chops 
packaged in 80% N2 :20% C02, then gas exchanged with 80% 
O2 :20% C02, had increased HunterLab "a" and decreased "L" 
and "b" values compared with those in VP (Huang et al.,
1993a).
Lipid oxidation, giving rise to rancid odors and 
flavors, can occur when as little as 0 .1% of fatty acids are 
present in the presence of 02. If the 02 level in the 
packaging was reduced belowed 2 %, production of rancid odors 
was retarded (Goodburn and Halligan, 1988). Beef packaged 
in distribution gas of 80% N2 :20% 02 and gas exchanged with 
80% 02 :20% C02 had lower lipid instability than beef in VP 
and changed to PVC overwrap for retail display (Ho et al., 
1995a). Huang et al. (1993b) reported that distribution 
storage of ribeye steaks and ground beef in 80% N2 :20% 02 at 
-3.8 and -12.2*C retarded psychrotrophic growth more than at 
4.4°C, but oxidative stability was higher for meat at 4.4
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and -3.8'C after gas exchange with 80% 0 2 :2 0 % CO2 {Huang et 
al., 1993b). No differences in lipid oxidation were
detected for beef in display gases of 80% 0 2 :2 0 % C02 or 60%
O2:40% C02 (McMillin et al., 1994b).
The predominant unsaturated and saturated fatty acids
in beef muscle tissues are palmitate and oleate (Pearson et 
al., 1977) and each comprises about 22.10 and 46.83% of 
unsaturated and saturated groups, respectively (Han, 1992). 
As oleate is the primary constituent of phosphatidylcholine 
(Stryer, 1988), a synthetic membrane mainly constructed of 
phosphatidylcholine was used to study the antioxidant 
activity on lipid instability and myoglobin autoxidation.
The objective of the present study was to examine the 
relationships between lipid and pigment oxidation with the 
inclusion of p-carotene and a-tocopherol antioxidants in 
myoglobin-liposome, myoglobin and liposome systems in MAP 
with different 0 2 concentrations.
Materials and Methods 
Preparation of liposomes
Liposome (9 mg/mL) preparation followed the procedures 
of Farmer and Gaber (1987) and Yin and Faustman (1993). 
Phosphatidylcholine (6 mg/mL; Sigma Chemical Co., St. Louis, 
Missouri), cholesterol (2.4 mg/mL; Sigma Chemical Co., St. 
Louis, Missouri) and dicetyl phosphate (0.6 mg/mL; Sigma 
Chemical Co., St. Louis, Missouri) were dissolved in 
chloroform/methanol (2 : 1 v/v) and placed in a round bottom
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flask. Solvent in the lipid mixtures was completely removed 
using a rotary evaporator (Buchler, Model No. PTFE-1GN) 
connected to a vacuum pump. It took approximately six 
minutes to form a lipid film and then this thin film was 
held under a vacuum desiccator for three hours to remove 
traces of solvent before rehydration with sodium citrate or 
myoglobin solutions. All glassware was acid-washed. 
Oxymyoglobin solutions preparation
Metmyoglobin (Sigma Chemical Co., St. Louis, Missouri) 
was dissolved in 30 mM sodium citrate buffer (pH 5.6) at 5 
mg/mL. The solution was reduced to deoxymyoglobin by the 
addition of sodium hydrosulfite (0 . 1 mg/mg of metmyoglobin). 
Air was bubbled into the deoxymyoglobin solution for two 
minutes to produce oxymyoglobin.
Preparation of liposome, myoglobin and myoglobin-liposome models
The liposome solution (18 mg/mL) was prepared by adding 
240 mL 30 mM sodium citrate and several glass beads of 3 mm 
diameter to the thin lipid film in the round bottom flask 
and swirling until the lipid was completely dispersed in the 
buffer. For liposome and myoglobin-liposome models, 240 mL 
30 mM sodium citrate or 5.0 mg/mL oxymyoglobin solution were 
separately added in the 240 mL liposome solution (18 mg/mL) 
to prepare liposome (9 mg/mL) and myoglobin-liposome (2.5 
mg/mL) model solutions. For the myoglobin model, 5.0 mg/mL 
oxymyoglobin solution was diluted to 2.5 mg/mL by
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adding 240 mL sodium citrate. All model systems were at 
approximately 4'C during preparation.
Incorporation of antioxidants into model systems
Nine antioxidant treatments were the combinations of p- 
carotene and a-tocopherol (Sigma Chemical Co., St. Louis, 
Missouri) at 0.01, 0.0001 or 0 M (3 X 3). Each antioxidant 
was dissolved individually in chloroform and pipetted into 
the phosphatidylcholine/cholesterol/dicetyl phosphate 
mixtures before vacuum evaporation of liposome solutions.
For myoglobin models, antioxidants were also dissolved in 
chloroform and evaporated without lipid mixtures in the 
round bottom flask. The antioxidant films were dispersed 
using 240 mL sodium citrate before adding 240 mL 
oxymyoglobin solution (5.0 mg/mL).
Five mL of liposome, myoglobin or myoglobin-liposome 
solutions with nine antioxidant combinations were pipetted 
into test tubes and packaged under gaseous environments of 
100:0, 80:20, 60:40, 40:60, 20:80 or 0:100 02 %:C02. Test 
tubes were placed into a styroform mold at approximately 45 
degree angle within barrier foam trays (Amoco Foam Products 
Company, Atlanta, Ga; 02 permeability of 1.55 cc/m2/24 hr at 
23’C 0% relative humidity and moisture permeability of 3.10 
g/m2/24 hr at 38*C 90% relative humidity) before packaging 
on a tray sealer (Inpack, Ross Industries, Midland, VA) with 
50 guage lidding film (Plicon Corporation, Columbus, GA; 02 
permeability of 9.3 cc/m2/24 hr at 23"C 0% relative humidity
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and moisture permeability of 3.10 g/m2/24 hr at 38 *C 90% 
relative humidity). The temperature in the packaging room 
was about 7*C. Measurements of lipid instability and 
percentage metmyoglobin formation were taken on duplicate 
samples every 12 hours for 96 hours.
Measurement of metmyoglobin formation
The determination of metmyoglobin formation was as 
described by Krzywicki (1982). The absorbencies of the 
sample solutions were measured using a spectrophotometer 
(Hitachi, Model u-2000 double-beam UV/VIS, Hitachi 
Instruments, Inc. San Jose, CA) at 572, 565, 545, and 525 nm 
and the relative concentrations of metmyoglobin were 
calculated as:
metmyoglobin% = - 2.514R^ + 0.777R2 + O.8 OOR3 + 1.098, 
where R^, R2, R3 = absorbance ratios of A572/A525, A565/A525,
a545/a525.
Measurement of lipid oxidation
Lipid oxidation was quantified using thiobarbituric 
acid reactive substances (TBARS) using the procedure 
modified from Yin ^nd Faustman (1993) and Schmedes and 
Holmer (1989). Two mL sample and one mL 20% trichloroacetic 
acid were transferred to a centrifuge tube (10 mL) and 
centrifuged at 2000 rpm 4'C for 15 min. One mL of 
supernatant was thoroughly mixed with 1 mL 0.02 M TBA 
reagent and incubated at 25’C for 20 hours in darkness (Lea, 
1962). At the end of 20 hours, the absorbance at 535 nm was
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recorded and reported directly as TBARS (mg malondialdehyde/ 
L sample solution).
The O2 and CO2 concentrations in the headspace 
environment were measured using a Food Package Analyzer 
(Series 1400, Servomex, Sussex, England).
Statistical Analyses
The experimental design was a completely random design 
with split plot arrangement and two sampls were used for 
each treatment combination. Main plot represented a 3 X 6 X 
3 X 3  factorial arrangement consisting of three model 
systems, six gas mixes and nine antioxidant combinations and 
sub plot represented eight sampling times. Data were 
analyzed by analysis of variance using general linear models 
procedures (SAS, 1985). To compare the influences of 
antioxidants in each gas over time, treatment means were 
separated by Least Squares Means procedures at differences 
of P^0.05. Preplanned contrasts were used to determine 
effects due to gas, antioxidant and time. Differences in 
lipid stability between myoglobin-liposome and liposome 
systems and metmyoglobin formation between myoglobin- 
liposome and myoglobin systems were compared by T-Tests.
Results and Discussion 
Lipid mixtures were composed of phosphatidylcholine, 
cholesterol and dicetyl phosphate. Because pure 
phospholipids such as phosphatidylcholine made of palmitate 
and oleate with a polar head of choline are osmotically
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fragile/ cholesterol was added to decrease the fragility.
To inhibit the aggregation between cholesterol and 
phospholipids, dicetyl phosphate was also added (Farmer and 
Gaber, 1987).
The gaseous concentrations for the MAP were 99.7:0, 
79.7:18.2, 58.7:39.0, 20.7:77.0 and 0.9:98.7 02%:C02%
(s.e.m. was 1.5 for 02 and 1.3 for C02) measured at each 
sampling time. No differences (P>0.05) in 02 and C02 were 
caused by antioxidants or sampling time (Table A.4.1). The 
analysis of variance indicated that myoglobin oxidation was 
affected by gas, model, antioxidants, time, interactions of 
gas and model, antioxidants and gas, antioxidants, gas and 
model as well as antioxidants and time (Table A.4.2). Lipid 
stability was influenced by gas, model, antioxidants, time, 
interactions of gas and model, antioxidants and gas, 
antioxidants, gas and model, and antioxidants and time 
(Table A.4.2). Changes of TBARS and metmyoglobin percentage 
over time had a linear trend as shown by contrasts (Table 
A.4.2). Contrasts also indicated that there were 
differences (P<0.05) in lipid and myoglobin oxidation of 
treatments with and without a-tocopherol or (5-carotene; 
differences were also caused by different concentrations of 
a-tocopherol and p-carotene (Table A.4.2). Gas 
concentration of 100% O2 :0% C02 increased (P<0.05) lipid and 
myoglobin oxidation when compared to other gaseous 
treatments.
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Myoglobin stability in myoglobin model
Metmyoglobin formation in the myoglobin model system 
was influenced by antioxidant treatments and sampling time. 
Higher concentrations of a-tocopherol and p-carrotene had 
increased inhibitory effects on retardation of myoglobin 
autoxidation. Myoglobin stability decreased with increased 
02 in the packages as shown by increased metmyoglobin. The 
minimum amounts of metmyoglobin, which were usually in 
systems containing 0 M p-carotene and 0.01 M a-tocopherol at 
the first sampling time of 12 hours after incubation with 
the gaseous treatments, ranged from 30 to 36.15%. An 
increased trend was observed as the storage time progressed. 
Metmyoglobin formation in 100% O2 :0% C02 was influenced by 
antioxidant treatments and sampling time. The initial 
metmyoglobin was from 29.86 to 65.83%; lower levels were 
observed in the treatments of 0.01 M a-tocopherol in 
combination with 0.0001 and 0 M p-carotene (Table 4.1). The 
lowest myoglobin oxidation occurred at 96 hr in the 0.01 M 
a-tocopherol solution without the presence of p-carotene. 
p-Carotene performed as a prooxidant at concentrations of 
0.01 and 0.0001 M without the addition of a-tocopherol. For 
treatments with 0.01 M p-carotene, increased concentration 
of a-tocopherol retarded the oxidation of myoglobin; 83.93 
and 85.24% metmyoglobin were found in 0.0001 and 0 M 
a-tocopherol and only 75.65% was observed in 0.01 M 
a-tocopherol after 96 hours. A similiar trend was observed
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12 61.87 fj 61.13 hk 61.19 fk 56.07 hm 65.83 hi 57.10 fl 36.15 go 29.86 gkp 53.11 hn
24 64.77 ek 69.11 fi 62.86 el 60.15 gn 6 8 . 2 2 gj 60.76 em 39.03 fq 55.10 fp 56.22 go
36 69.92 dj 68.23 gk 69.91 dj 67.07 fl 73.10 fi 69.96 dj 43.91 en 64.87 em 61.01 fn
48 70.15 dk 75.91 ei 70.02 dk 6 8 . 8 8 el 74.11 ej 73.76 cj 53.81 do 66.04 dn 68.01 em
60 69.92 dm 77.82 di 71.96 cl 68.05 do 75.04 dj 73.92 ck 61.11 cq 65.14 ep 69.86 dm
72 77.89 cj 81.81 bi 78.83 bj 72.11 cl 77.83 cj 74.22 ck 62.17 bn 67.91 em 72.00 cl
84 78.77 bk 80.99 ci 79.04 bk 73.95 bn 80.25 bj 75.76 bl 66.83 ap 73.24 bo 74.79 bm
96 79.80 an 85.97 aj 85.24 ak 89.88 ai 81.20 am 83.93 al 67.23 aq 74.57 ap 75.65 ao
1 M.
a“h Least square means within the same column with the same superscript were not 
different (P<.05).




with 0.0001 and 0 M (3-carotene with different concentrations 
of a-tocopherol.
In 80% O2 :20% C02 environment, the initial metmyoglobin 
concentrations ranged from 31.24 to 59.93%; the lowest was 
with 0.01 M a-tocopherol without (3-carotene. Treatments of 
0 and 0.0001 M (3-carotene without a-tocopherol had the 
highest myoglobin autoxidation through the 96 hour storage 
period (Table 4.2). With 0 and 0.0001 M a-tocopherol, 0.01 
H (3-carotene slowed the myoglobin oxidation in comparison 
with the other two concentrations. However, for treatments 
with 0.01 M a-tocopherol, (3-carotene did not cause 
differences in metmyoglobin formation; 69.94, 68.23 and 
69.98% metmyoglobin were observed for 0, 0.0001 and 0.01 M 
p-carotene, respectively. This was probably because 0.01 M 
had already resulted in inhibition of myoglobin oxidation. 
Addition of p-carotene did not further improve myoglobin 
stability. Less myoglobin oxidation occurred in the 80% 02 
atmosphere when compared with the 1 0 0% 0 2 packaging as shown 
by the reduced metmyoglobin levels in each antioxidant 
treatment combination treatment at 96 hours.
Lower metmyoglobin levels were observed in 60% O2 :40% 
C02 environments when compared with 80 or 100% 02 (Table 
4.3). At 0 M a-tocopherol, the highest metmyoglobin 
percentage was in 0.0001 M p-carotene (73.17%), followed by 
0.01 (70.04%) and 0 M (65.93%). p-Carotene (0.01 and 0.0001 
M) and a-tocopherol (0.0001 M) did not perform antioxidant







0 . 0 0 0 1
0
0 . 0 1
0
0
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0.01
0 . 0 0 0 1
0
0.01
0 . 0 0 0 1 0.01 
0.01 0.01
12 53.20 gk 54.02 gj 53.19 ej 51.83 gin 59.93 gi 52.24 fl 31.24 qo 33.25 qn 51.80 hm
24 58.75 fi 56.24 fk 59.12 cj 54.95 cl 62.08 fi 53.89 em 34.84 fo 53.12 fn53.12 gn
36 59.18 ek 61.94 ei 58.93 ck 54.10 fn 61.04 ej 54.94 dm 37.00 eo 55.81 cl56.10 fl
48 61.05 dj 63.22 di 58.02 dk 55.05 en 62.83 di 54.83 dn 36.86 eo 55.84 cm 56.97 el
60 61.17 dk 63.11 di 61.13 bk 55.86 dl 63.05 di 54.01 em 40.79 do 52.21 en 61.94 dj
72 63.88 cj 65.83 fi 61.18 bra 57.86 cn 64.20 cj 57.04 CO 62.05 cl 55.15 dP 63.03 ck
84 63.11 bn 69.03 bi 62.08 ao 60.10 bp 64.76 bl 57.95 bq 63.88 bm 66.09 bk 66.91 bj
96 73.23 aj 74.83 ai 61.13 bn 70.09 ak 6 8 . 1 1 am 59.94 ao 69.94 al 68.23 69.98 al
1 M.
a-h Least square means within the same column with the same superscript were not 
different (P<.05).




Table 4.3 Metmyoglobin percentage in myoglobin systems with 60% 02^40% C02 as affected by
antioxidants and time.
p-carotene C 
a-tocopherol1 0  
Time (hr)
0 . 0 0 0 1
0
0 . 0 1
0
0
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 0 0 1
0
0 . 0 1
0 . 0 0 0 1  0 . 0 1  
0 . 0 1  0 . 0 1
1 2 59.20 fj 54.96 fk 59.79 fi 53.81 gi 62.98 eh 54.80 fk 34.00 go 53.25 fm51.07 fm
24 59.02 f j 58.82 ej 59.84 ef i 55.85 fk 62.02 fh 54.05 gi 34.15 gn 53.16 fra52.97 em
36 59.81 ej 63.00 dh 60.19 ej 52.83 en 61.99 fi 57.15 dk 37.22 fo 56.20 dl53.98 dm
48 61.18 di 63.20 dh 59.09 gj 55.96 dk 63.03 dh 55.84 ek 38.16 em 55.78 ek 54.14 dl
60 62.83 cj 66.07 ch 62.22 dk 55.20 cm 64.06 ci 55.97 el 39.23 do 55.77 el55.08 cm
72 62.21 bj 67.98 bh 64.20 ci 59.06 bl 64.14 ci 60.07 ck 41.90 co 57.81 cm 54.87 cn
84 65.79 ai 72.87 ah 65.13 bj 63.95 ak 64.94 bj 62.98 bl 47.13 bo 58.91 bra 59.01 am
96 65.93 ak 73.17 ah 70.04 ai 64.00 am 68.03 aj 64.94 al 48.08 ap 61.87 an 57.14 bo
1 M.
a"g Least square means within the same column with the same superscript were not 
different (P<.05).





activity when compared to the control of no antioxidants. The 
possible explanation was that both p-carotene and a-tocopherol 
are lipid-soluble compounds. The contact medium of water- 
soluble myoglobin and lipid-soluble antioxidants was lacking 
in the model system and the distribution of antioxidants in 
the system may not have been homogeneous. Therefore, there 
were only slight interactions between antioxidants and 
myoglobin in the presence of high concentrations of a- 
tocopherol. Higher levels of a-tocopherol increased 
inhibition of myoglobin oxidation regardless of the 
concentrations of p-carotene.
When myoglobin solutions were packaged in 40% O2:60% CO2, 
the initial metmyoglobin ranged from 33.87 to 59.09%, 
depending on the antioxidant combinations (Table 4.4). 
Metmyoglobin levels increased with increased storage time and 
the increase was more in treatments with 0.0001 M p-carotene 
and 0 M a-tocopherol. Again, p-carotene had a prooxidant 
effect at the three concentrations of a-tocopherol; higher 
metmyoglobin resulted from using p-carotene at 0 . 0 1 and 0 . 0 0 0 1  
M than 0 M at 96 hour. Increases in the quantity of 
metmyoglobin in the same antioxidant combinations were 
observed in 60% O2:40 C02 and 40% O2:60% C02 atmosphere, 
except for treatments of 0.01 M a-tocopherol with 0.0001 and 
0.01 M p-carotene.
The amount of metmyoglobin was decreased when the 02 
concentration was decreased to 20% 02:80% C02 (Table 4.5).
Table 4.4 Metmyoglobin percentage of myoglobin system with 40% 02:60% C02 as affected
by antioxidants and time.
(S-carotene 0  
a-tocopherol 1 0  
Time (hr)
I
0 . 0 0 0 1
0
0 . 0 1
0
0
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 0 0 1
0
0 . 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 1
0 . 0 1
1 2 57.08 gj 42.83 gm 59.09 ei 53.23 fk 61.18 eh 53.17 gk 33.87 cn52.98 fk 51.95 fl
24 57.99 fk 61.82 eh 58.97 ej 52.15 gm 60.84 ei 53.12 gi 34.04 en 53.23 fl 51.94 fm
36 59.15 ei 61.18 fh 58.92 ei 54.87 ek 61.18 eh 55.85 dj 36.01 dn 54.11 el 52.88 em
48 60.83 di 63.10 dh 59.00 ej 55.77 dk 62.88 dh 55.03 elm 36.24 do 54.78 dm 55.22 cl
60 59.18 ei 64.14 ch 61.12 di 53.17 fm 63.90 ch 54.07 fl 38.08 cn54.83 dk 54.06 dl
72 62.84 ci 64.15 ch 63.08 ci 56.14 cl 64.80 bh 58.86 ck 40.15 bn 59.82 cj 55.11 cm
84 64.04 bk 66.09 bi 64.84 bj 58.07 bn 68.81 ah 58.25 bn 44.19 ao 61.11 bl 60.10 bm
96 65.11 ak 70.07 ah 66.94 aj 60.00 an 68.77 ai 59.94 an 44.00 ao 62.23 am 62.94 al
1 M.
a_g Least square means within the same column with the same superscript were not 
different (P<.05).





Table 4.5 Metmyoglobin percentage of myoglobin system with 20% 02:80% CO2 as affected
by antioxidants and time.
p-carotene 0  
a-tocopherol1 0  
Time (hr)
1
0 . 0 0 0 1
0
0 . 0 1
0
0
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 0 0 1
0
0 . 0 1
0 . 0 0 0 1  0 . 0 1  
0 . 0 1  0 . 0 1
1 2 53.80 fk 52.14 el 53.20 ek 55.16 dj 62.79 di 51.10 em 34.83 co 37.19 9n 66.09 ah
24 57.95 ej 52.22 em 59.15 di 55.16 dk 61.06 eh 53.06 dl 33.09 eP 50.19 fo 51.81 dm
36 59.03 di 54.03 dk 58.87 di 54.75 dj 64.12 ch 53.25 dl 34.07 ^  52.96 el54.02 ck
48 60.98 ci 63.85 bn 59.00 dj 56.95 ck 63.92 ch 56.79 bk 35.84 bn 5 4 < 7 7 d l 53.87 cm
60 60.87 ci 63.15 ch 60.76 ci 59.23 bj 63.16 dh 55.18 ck 36.20 bm 54.83 dk 53.80 cl
72 60.87 ci 63.15 ch 60.76 ci 60.16 aj 63.16 dh 56.89 bk 36.20 bm 5? ̂ 17 ck 53.80 cl
84 64.75 ai 64.08 bj 65.18 bn 60.19 ak 65.80 bh 57.93 am 41.20 an 59.18 b l 59.18 bl
96 62.11 bj 6 8 . 0 2 ah 65.95 ai 60.08 ak 67.90 ah 58.78 al 41.21 am 5 9  . 9 9 ak 59.21 bl
1 M.
a”g Least square means within the same column with the same superscript were not 
different (P<.05).





The metmyoglobin percentages were from 34.83 to 66.09 at 12 
hours of storage and increased to 41.21 to 68.02% at 96 
hours. Myoglobin instability increased as the time 
progressed. a-Tocopherol possessed antioxidant function in 
all the treatment conditions, but this antioxidant effect 
was neutralized when combined with p-carotene. Within the 
same level of a-tocopherol in the model system, p-carotene 
exhibited prooxidant activity.
Inconsistant changes in metmyoglobin percentage were 
observed when 02 was decreased from 20 to 0% (Table 4.6). 
Influences of antioxidants on the oxidation of myoglobin 
were similiar to the other gaseous mixtures. p-Carotene had 
less effect on retardation of myoglobin oxidation when 
compared with a-tocopherol and, in some cases, p-carotene 
was a prooxidant. At a-tocopherol of 0 or 0.01 M, added p- 
carotene decreased myoglobin stability. Without the 
presence of p-carotene, the metmyoglobin percentages were 
64.75, 60.86 and 41.25% for 0, 0.0001 and 0.01 M a- 
tocopherol at 96 hours.
Shikama (1990) reviewed myoglobin autoxidation and 
stated that the reversible binding of 0 2 to myoglobin was a 
complex process. During reversible 02 binding, the 
oxygenated myoglobin could be converted to met-form with 
generation of superoxide anion and factors promoting the 
one-electron tranfer from iron(II) to 02, favoring 
metmyoglobin formation (Shikama, 1990). George and
Table 4.6 Metmyoglobin percentage of myoglobin system with 0% 02:100% C02 as affected
by antioxidants and time.
(3-carotene1 0 




0 . 0 0 0 1
0
0 . 0 1
0
0
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 0 0 1
0
0 . 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 1
0 . 0 1
1 2 54.87 gi 54.89 fj 53.88 gn 54.03 fi 67.17 fh 50.98 gm 30.00 34.03 e l 52.79 gk
24 57.24 fj 61.16 gk 58.83 fm 53.07 eh 62.96 eh 52.18 fl 32.12 ei 51.82 dl53.17 gk
36 58.91 ei 62.75 ej 59.17 dl 55.15 dh 69.79 fi 52.92 ek 36.92 ei 52.78 dk 54 . 8 6 fj
48 60.11 dj 63.86 cm 59.21 cp 57.23 ch 69.16 ei 56.01 do 37.95 ek 54.11 bor5 6 . 95 el
60 59.06 el 64.10 dm 61.07 ep 56.17 ci 71.81 dj 55.79 do 34.98 dk 5 3 .7 7 01111 65.19 dh
72 61.10 cl 64.09 bm 62.08 cp 57.99 cj 78.01 bi 55.81 CO 38.14 ck 54.99 bcil68.24 ch
84 62.21 bl 66.82 bm 62.77 bo 58.15 bi 81.85 cj 56.21 bm 39.90 bk57.91 bn 71.10 bh
96 64.75 ak 66.09 al 65.94 ao 60.86 ej 82.13 ai 58.95 am 41.25 aj 59.08 am 73> n ah
1 M.
a_g Least square means within the same column with the same superscript were not 
different (P<.05).




Stratmann (1952a, b) concluded that oxidation of myoglobin 
to metmyoglobin was first order and the rate constants were 
not different from 30 to 120 mm Hg. They also reported that 
a maximum rate constant was observed at 1 mm Hg.
Myoglobin stability in myoglobin-liposome models
Metmyoglobin percentages were affected by antioxidants, 
gas and storage time. A decreased trend in myoglobin 
oxidation was observed from 100 to 0% 02 environments. The 
metmyoglobin levels in myoglobin-1iposome systems with the 
six MAP treatments were 68.08, 59.86, 62.84, 62.84, 60.22 
and 60.07% for 100:0, 80:20, 60:40, 40:60, 20:80 and 0:100 
%02 :%C02 . After 96 hours storage time, metmyoglobin levels 
were 86.79, 69.89, 73.96, 73.96, 67.20 and 71.21% for 
treatments of 100 to 0% 02. Generally, higher 
concentrations of a-tocopherol and (3-carotene had increased 
antioxidant effects on metmyoglobin formation.
At gaseous concentrations of 100% O2 :0% C02, 
metmyoglobin percentages were 30.14, 28.77 and 29.18 with 
combinations of 0.01 M a-tocopherol and 0, 0.0001 and 0.01 M 
(3-carotene at the initial time (Table 4.7). Differences 
(P<0.05) in results were observed between the myoglobin and 
myoglobin-liposme systems because the liposomes were 
carriers for antioxidants to interact with myoglobin. In 
the treatment of 0.000 1 M a-tocopherol and 0.01 M 13- 
carotene, the initial metmyoglobin was 30.79% while other 
antioxidant treatments had metmyoglobin levels ranging from
Table 4.7 Metmyoglobin percentage of myoglobin-liposome systems with 100% Oj as affected






0 . 0 0 0 1
0
0 . 0 1
0
0  0 . 0 0 0 1  0 . 0 1  
0 . 0 0 0 1  0 . 0 0 0 1  0 . 0 0 0 1
0
0 . 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 1
0 . 0 1
1 2 68.08 cf 62.18 df 56.21 ch 57 .82 eg 67.17 cf 30.79 ei 30.14 ci 28.77 ci 29.18 di
24 69.81 cf 64.09 cdg 60.11 ch 67.17 dg 62.96 dgh 62.14 dgh 30.14 ci 32.94 bci 34.05 cdi
36 69.86 cf 66.04 cdf 70.20 bf 67.80 df 69.79 cf 71.09 df 31.13 eg 33.93 beg 34.79 cdg
48 73.98 bcf 70.08 bcf 71.91 bf 70.20 cdf 69.16 cdf72.85 cdf 33.90 eg 34.04 beg 35.10 cdg
60 77.86 af 70.83 beg 73.13 bfg 76.89 bfg 71.81 cfg7 5 .94 cfg 33.08 ch 34.75 be 36.78 bch
72 84.93 af 75.11 bh 83.21 afg 81.77 bgh 78.01 bh 77.85 bch 34.06 cj 37.76 bi 38.91 bci
84 84.10 afg 81.93 afg 85.23 af 81.82 bfg 81.85 afg78.16 bg 40.96 bi 60.17 ah 42.00 bi
96 86.79 ag 82.07 ag 85.83 ag 90.18 af 82.13 ag 82.75 ag 72.80 ah 66.96 ai 47.50 aj
1 M.
a-e, Least square means within the same column with the same superscript were not 
different (P<.05).
f_], Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 2.41.
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6.21 to 67.17%. The control had initial metmyoglobin of 
68.08% (Table 4.7). Higher doses of p-carotene had lower 
metmyoglobin formation in combination with 0 . 0 1 M 
a-tocopherol after 9 6 hour storage time.
Decreases in myoglobin oxidation were observed when 02 
in the packaging decreased from 100 to 80% (Table 4.8). 
a-Tocopherol increased myoglobin stability as shown by the 
lower (P<0.05) metmyoglobin levels at the initial time 
(23.84, 25.99 and 25.04%) and this antioxidant effect 
continued through 96 hours where lowest metmyoglobin levels 
were observed (35.19, 54.06 and 35.83%) for treatments with 
a-tocopherol at 0.01 M. Higher myoglobin oxidation 
developed in the group of no a-tocopherol or at 0.0001 M. 
Combinations of p-carotene and a-tocopherol produced 
synergistic effects; inclusion of p-carotene in the presence 
of a-tocopherol added stability to myoglobin. This 
synergestic effect was slightly observed for treatment with 
0.01 M a-tocopherol, but was more at 0.0001 M a-tocopherol. 
Higher metmyoglobin formation in higher 02 environment was 
also reported by Ho et al. (1995b) who stated that 
metmyoglobin formation was higher for ground beef in 80% 
O2 :20% C02 compared with samples in 50% 02 :20% CO2:30 N2 and 
20% O2 :20% CO2:60% N2.
For myoglobin-liposomes packaged in 60% O2:40% C02, 
treatments containing higher levels of a-tocopherol had 
slower myoglobin autoxidation (Table 4.9). Metmyoglobin
Table 4.8 Metmyoglobin percentage of myoglobin-liposome systems with 80% 02:20% COj as
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0.01
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12 59.86 gi 55.93 gk 57.04 bj 63.88 fh 55.80 gk 45.94 gi 25.04 25.99 fm 23.84 go
24 61.22 fi 56.87 fj 61.23 gi 65.19 eh 57.07 fj 55.94 fk 26.94 fl27.15 el 24.02 gm
36 62.97 ei 58.81 ej 63.02 fi 66.90 dh 57.04 fk 56.12 fl 26.98 fn 28.80 dm 24.78 fo
48 63.92 di 59.94 dk 63.78 ei 69.78 bh 62.11 ej 56.94 el 30.21 em 29.01 dn 27.92 eo
60 65.93 bi 59.97 de 64.88 dj 69.11 ch 63.80 dk 57.88 dm 30.83 dn 29.16 do 28.92 do
72 66.09 bj 61.19 cl 66.87 ci 68.99 ch 64.77 ck 59.07 cm 32.24 co 29.80 cp 35.85 cn
84 65.11 ck 64.25 bl 71.06 bh 67.24 di 65.76 bj 60.00 bm 32.77 bp 34.90 bo 36.77 bn
96 69.89 ai 67.13 aj 72.92 ah 73.18 ah 66.19 ak 64.93 al 35.83 an 54.06 am 35.19 ao
1 M.
a-g, Least square means within the same column with the same superscript were not 
different (P<.05).
h-pf Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0.15.
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levels of treatments with 0.01 M a-tocopherol were 
approximately half those of other treatments throughout the 
experimental sampling periods. Using p-carotene without the 
presence of a-tocopherol improved myoglobin stability when 
compared to the control. With all three levels of 
p-carotene, a-tocopherol at higher concentrations showed 
more inhibitory effect on myoglobin oxidation.
With samples stored in 40% 02:60% CO2 , 0.01 M 
a-tocopherol provided antioxidant activity in retarding 
increases of metmyoglobin levels at all concentrations of 
3-carotene for the incubation periods before the first 
sampling time as well as at 9 6 hours storage time (Table 
4.10). Samples with 0.01 M p-carotene and 0.0001 M 
a-tocopherol also had lower initial metmyoglobin values. 
Treatments with p-carotene, but not a-tocopherol, had 
relatively higher development of metmyoglobin.
For model systems packaged in 20% 02:80% CO2 , 
treatments with 0 . 0 1 M a-tocopherol and combinations of 0 . 0 1  
H p-carotene and 0.0001 M a-tocopherol had lower 
metmyoglobin percentages at the initial time (.Table 4.11). 
a-Tocopherol at 0.01 M was a stronger antioxidant retarding 
the myoglobin oxidation compared with other concentrations. 
Prooxidant effect of p-carotene was observed for myoglobin- 
liposomes; samples with p-carotene resulted in higher
Table 4.9 Metmyoglobin percentage of myoglobin-liposome systems with 60% 02/40% carbon
dioxide as affected by antioxidants and time.
P-carotene1 0 0.0001 O l  0 0.0001 oToi 0 0.0001 oTo I
a-tocopherol1 0 0 0 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 1 0.01 0.01
Time (hr)_________________________________________________________________________
12 62.84 fi 58.82 dk 55.91 fm 59.96 gj 56.92 gi 34.87 hn 23.19 24.15 eo 22.09 hg
24 64.99 ei 58.92 dl 61.84 dk 63.99 fj 57.16 gm 55.21 gn 23.84 fp 24.95 do 23.97 gp
36 64.97 ei 61.80 aj 61.15 ek 65.00 ei 59.16 fl 56.86 fm 26.18 en 24.03 eo 25.85 fn
48 67.91 dj 60.86 cl 63.16 ck 69.80 ci 60.22 em 58.20 en 27.79 do 2 7 . 7 7 cp 28.22 eo
60 71.97 ci 60.07 bn 63.16 ck 66.12 dj 62.25 dl 60.78 dm 28.78 CP 25.23 dq 31.10 do
72 71.25 bi 62.07 am 64.81 bj 71.10 bi 63.75 ck 63.22 cl 29.13 co 27.95 cp 33.14 cn
84 71.10 bi 59.95 bn 68.80 ak 76.06 aj 64.98 bm 65.85 bl 31.18 bP 30.76 bq 34.00 bo
96 73.96 aj 61.79 an 68.80 ak 75.79 ai 66.88 am 67.92 al 37.77 ao 35.10 ap 35.21 ap
1 M.
a-h, Least square means within the same column with the same superscript were not 
different (P<.05).
I-q, Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0.15.
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Table 4.10 Metmyoglobin percentage of myoglobin-liposome systems with 40% 02:60% C02 as




















12 59.88 fj 57.08 gk 55.19 fm 64.99 fi 56.12 gi 27.13 gn 21.98 bp 25.95 do 27.12 hn
24 63.91 ej 59.77 fk 58.04 el 65.81 ei 57.84 fl 55.97 fm 24.00 go 29.02 cn 28.76 gn
36 64.97 dj 60.78 ek 60.78 dk 66.75 di 57.94 fl 55.95 fm 25.10 fo 23.87 fp 29.98 fn
48 66.90 cj 60.88 el 61.76 ck 65.24 fj 59.90 em 58.17 en 25.83 ep 21.84 hq 31.77 CO
60 66.93 cj 61.87 dk 62.06 ck 69.16 ci 61.81 ck 59.22 dl 28.75 dn 32.82 bm 32.79 dm
72 67.87 bj 63.82 ck 62.19 cl 69.16 ci 61.21 dm 62.13 cl 30.05 co 23.04 gp 37.16 cn
84 67.82 bj 65.22 bk 62.77 bn 72.04 bi 63.75 bm 64.17 bl 34.92 bp 24.93 eq 38.04 bo
96 68.63 ak 68.78 aj 67.85 al 75.04 ai 65.13 an 66.77 am 33.21 aq 33.92 ap 58.83 ao
1 M.
a-h Lesst square means within the same column with the same superscript were not 
different(P<.05).
i-q Lesst square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0.16
lOoo
Table 4.11 Metmyoglobin percentage of myoglobin-liposome systems with 20% 02:80% C02 as
affected by antioxidants and time.
p-carotene1 0 0 . 0 0 0 1 oToi 0 0 . 0 0 0 1 oToi 0 0 . 0 0 0 1 OToi
a-tocopherol1 0 0 0 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 1 0.01 0.01
Time (hr)____________________________________________________________________________
12 60.22 fj 58.20 gk 55.90 fl 63.02 fi 56.16 fl 26.79 em 21.00 hp23.82 fo 24.77 gn
24 63.11 ej 59.98 fl 61.94 ek 64.81 ei 56.81 em 55.88 dn 25.08 9926.83 dp 31.98 eo
36 63.76 dj 60.76 el 62.16 ek 65.99 di 57.91 dm 56.21 dn 25.90 fp 26.20 ep 30.06 fo
48 64.87 ci 61.03 dj 64.94 ci 64.81 ei 59.00 ck 56.98 cl 28.09 en 27.80 cn 34.20 dm
60 66.00 bj 62.76 cl 64.17 dk 67.21 ci 59.00 cm 58.78 bm 29.23 dp 31.18 bo 35.98 cn
72 65.96 bk 66.77 cj 65.21 cl 67.87 bi 60.88 bm 58.78 bn 31.23 cp 31.18 bp 35.98 CO
84 67.75 ai 67.76 bi 68.00 bi 68.00 bi 61.23 bk 63.81 aj 32.82 M 31.03 bn 36.92 bl
96 67.20 al 70.86 ak 77.80 ai 72.01 aj 62.86 am 63.90 am 31.81 bp 34.20 ao 38.06 an
1 M.
a_h, Least square means within the same column with the same superscript were not 
different (P<.05).
Least square means within the same row with the same superscript were not 
different {P<.05).
Adjusted S.E.M. = 0.16.
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Table 4.12 Metmyoglobin percentage of myoglobin-liposome systems with 0% O2:100% C02









0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0.01
0 . 0 0 0 1
0
0.01




12 60.07 fk 56.87 fl 60.75 gj 64.92 ci 56.19 em 27.75 fn 21.75 hq25.14 hp 26.89 fo
24 63.13 ej 58.82 el 62.91 fj 65.09 ci 59.94 bk 55.91 em 25.90 qo 26.23 go 29.88 en
36 63.77 dj 59.02 em 62.85 fk 65.13 ci 59.79 bl 58.75 bm 27.23 fo 26.87 fp 30.07 en
48 65.91 cj 61.95 ck 66.24 ej 6 6 . 8 6 bi 58.16 dl 58.11 cl 28.78 en 28.81 en 33.10 dm
60 65.91 cj 60.76 dk 66.87 di 67.23 bi 58.23 dl 56.93 dm 30.04 do 29.98 do 34.76 cn
72 6 6 . 2 1 cj 60.76 dk 67.92 ci 67.84 ai 59.16 cl 59.05 bl 33.93 an 32.04 CO 35.07 cm
84 68.14 bj 65.03 bk 71.01 bi 67.82 aj 60.08 bl 58.78 bm 32.96 bo 32.82 bo 36.99 bn
96 71.21 aj 67.24 ak 73.98 ai 67.85 ak 64.04 am 59.94 an 32.00 cq 51.83 ae 37.79 ap
1 M. a-h , Least square means within the same column with the same superscript were not 
different (P<.05).
1_q, Least square means within the same row with the same superscript were not 
different (Pc.05).
Adjusted S.E.M. = 0.14.
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amounts of metmyoglobin when compared to those without 
p-carotene. For samples stored in the 0% 02 :100% C02, 
higher concentrations of a-tocopherol also exhibited 
increased antioxidant activity (Table 4.12). At 0.01 M 
a-tocopherol, higher metmyoglobin percentage was found with 
addition of p-carotene (25.14 and 26.89%) when compared with 
no p-carotene (21.75%) at the initial time.
Antioxidant activities of a-tocopherol were reported by 
many researchers. Yin et al. (1993) observed that using 14 
jxM a-tocopherol and 140 ascorbate resulted in delay in 
oxymyoglobin oxidation in a liposome model. Heat with a 
higher concentration of a-tocopherol was more resistant to 
oxymyoglobin oxidation (Faustman et al, 1989).
Okayama (1987) compared metmyoglobin formation for beef 
with a-tocopherol and ascorbic acid dip treatment, MAP of 
80% O2 :20% C02, and combination of dip and MAP. The 
combination of dip and MAP lowered metmyoglobin 
percentage compared to dip alone, but the combination did 
not decrease metmyoglobin formation compared to MAP alone.
Myoglobin systems with a-tocopherol had generally more 
metmyoglobin development compared with myoglobin-liposome 
systems. Less myoglobin oxidation occurred in myoglobin- 
liposome systems with inclusion of 0.01 M a-tocopherol. 
Increased metmyoglobin formation in myoglobin-liposome 
systems without the presence of antioxidants was probably 
because myoglobin autoxidation generated radicals which
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promoted lipid oxidation and subsequently, the products of 
lipid peroxidation interacted with myoglobin to increase 
metmyoglobin formation. Superoxide radicals generated from 
myoglobin oxidation were reported to be terminated by 
a-tocopherol (Ozawa et al., 1983). Therefore, lower 
metmyoglobin percentages were observed in myoglobin-liposome 
system because a-tocopherol stabilized the phospholipids and 
further increased the myoglobin stability.
Lipid stability in liposome model
Lipid stability, as indicated by TBARS, was influenced 
(P<0.05) by model, antioxidant treatments, gas compositions, 
sampling time and interactions among these effects (Table 
A.4.1). Lipid instability linearly increased with storage 
time (P<0.05); the rate of increase was greater for 
treatments without antioxidants. Contrasts indicated that 
p-carotene and a-tocopherol performed antioxidant activity 
on the oxidation of liposomes; higher concentrations of 
these antioxidants had increased antioxidant effects.
Greater increases in TBARS were observed with high O2 
atmospheres.
For liposomes stored in 100% O2 , stability was affected 
(P<0.05) by type and concentration of antioxidants used and 
storage time (Table A.4.2). The initial TBARS were 
relatively higher in samples with p-carotene. At 96 hours 
of storage, the highest lipid oxidation was observed in the 
control and reached 0.240 mg malondialdehyde/L (Table





















12 0.018 fgh 0.018 fgh 0.002 fi 0.009 ei 0.019 egh 0.012 ehi 0.002 di 0.021 eg 0.018 fgh
24 0.071 eg 0.019 fij 0.018 eij 0.032 dh 0.020 ei 0.012 ej 0.018 cl̂ 0 .021 ci 0.022 ef i
36 0.101 dg 0.020 fj 0.019 ej 0.040 ch 0.021 ej 0.031 di 0.020 c3 0.021 cj 0.029 dei
48 0.148 eg 0.042 eh 0.027 dij 0.042 ch 0.022 dej 0.031 di 0.021 c3 0.020 cj 0.031 cdi
60 0.148 eg 0.057 dh 0.037 eij 0.056 bh 0.030 djk 0.039 cdi 0.029 bk 0.028 bek 0.038 ci
72 0.151 eg 0.093 ch 0.063 bi 0.061 bi 0.038 cjk 0.046 cj 0.046 a3 0.028 bci 0.032 cdkl
84 0.169 bg 0.132 bh 0.081 ai 0.077 ai 0.048 bj 0.054 aj 0.048 ai 0.032 bk 0.052 bj
96 0.240 ag 0.158 ah 0.086 ai 0.071 aj 0.056 ak 0.054 akl 0.048 al0.047 al 0.060 ak
1 malondialdehyde/L solution.
2 M.
a_f Least square means within the same column with the same superscript were not 
different (P<.05).






4.13). The next higher TBARS occurred in the sample 
containing 0.0001 M p-carotene and was 0.158 
malondialdehyde/L. At 0 and 0.0001 M a-tocopherol, 
p-carotene increased lipid stability compared to no 
p-carotene. However, the antioxidant combination of 0.01 M 
a-tocopherol and 0 . 0 1 M p-carotene had a prooxidant effect 
with higher TBARS values of 0.060 malondialdehyde/L when 
compared with 0.047 and 0.048 for 0.0001 and 0 M p-carotene. 
At each specific p-carotene concentration, higher levels of 
a-tocopherol improved lipid stability.
When liposomes were packaged in 80% 0 2 :2 0 % CO2 / higher 
concentrations of a-tocopherol resulted in greater lipid 
stability (Table 4.14). The TBARS for the control were 
0.210 malondialdehyde/L and 0.086 and 0.076 for 0.0001 and 
0.01 H a-tocopherol after 96 hours. Slightly lower TBARS 
were observed for 0.01 M p-carotene when compared with 
0.0001 M p-carotene, and these values were much lower than 
the control. Within each concentration of a-tocopherol, 
p-carotene also increased lipid stability. Generally, lower 
TBARS were observed for liposomes in 80% O2 environment when 
compared with the 1 0 0 % 0 2.
Trends for samples in 60% 02:40% CO2 were similiar to 
those in the 80% O2 :20% C02 (Table 4.15). a-Tocopherol 
decreased lipid peroxidation and higher concentrations 
resulted in lower TBARS values. For treatments with 0 and 
0.0001 M a-tocopherol, p-carotene at 0.01 M slowed the





















12 0.012 hk 0.018 fi 0.002 fl 0.021 ej 0.019 fj 0.021 bj 0.019 d3 0.009 dk 0.028 di
24 0.029 gi 0.020 fk 0.018 ek 0.042 di 0.029 ej 0.020 bk 0.010 e l 0.020 ck0.021 ek
36 0.059 fi 0.021 fl 0.020 el 0.050 cj 0.049 dj 0.021 bl 0.010 em 0.021 cl0.028 dk
48 0.097 ei 0.032 em 0.018 em 0.062 bj 0.050 cdk 0.042 ai 0.021 dn0 .022 cran0 .032 dm
60 0.125 di 0.043 dk 0.032 dl 0.050 cj 0.050 cdi 0.040 ak 0.030 cl 0.022 cm 0.041 ek
72 0.136 ci 0.053 cj 0.051 c jk 0.062 bj 0.056 bci^0. 045 ak 0.038 b l 0.020 cra 0.052 bj
84 0.194 bi 0.065 bk 0.061 bm 0.077 aj 0.065 ak 0.045 am 0.048 m 0.031 bn 0.058 bl
96 0.210 ai 0.086 aj 0.076 ak 0.072 ak 0.060 abl 0.045 am 0.048 9111 0.038 an 0.050 am
1 malondialdehyde/L solution.
2 M.
a“h Least square means within the same column with the same superscript were not 
different (P<.05).














0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 1
0 . 0 0 0 1
0
0.01




12 0 . 0 1 0 ei 0 . 0 1 2 ei 0 . 0 1 0 di 0.009 fi 0.029 dg 0 . 0 2 0 eh 0 . 0 1 1 ei 0 . 0 1 2 ei 0 .0 2 0 eh
24 0 . 0 1 2 ej 0.029 dh 0 . 0 0 1 ek 0.019 ei 0.038 eg 0.028 dh 0.0 1 1 e7 0.018 di 0.028 dh
36 0 . 0 1 2 ek 0.031 di 0 . 0 1 1 dk 0.026 di 0.043 eg 0 . 0 2 0 ej 0 . 0 1 2 dek0 . 0 2 0 d3 0.038 ch
48 0.043 dhi 0.031 dj 0 . 0 2 1 ck 0.049 cgh 0.054 bgk 0.028 dj 0.018 dk 0.0 2 1 dk 0.042 ci
60 0.064 eg 0.032 dj 0.023 ck 0.054 ch 0.051 bh 0.039 ci 0.030 cj 0 . 0 2 2 dk 0.049 bh
72 0.079 bg 0.048 ch 0.026 cj 0.053 ch 0.052 bh 0.041 bci 0.038 bi 0.031 c3 0.053 bh
84 0.119 ag 0.063 bh 0.048 bij 0.051 bi 0.068 ah 0.045 abj 0.044 a3 0.048bi3 0.051 bi
96 0 . 1 2 2 ag 0.076 ah 0.065 ai 0.062 aij 0.066 ai 0.047 ak 0.042 ak 0.042 ak 0.059 aj
1 malondialdehyde/L solution.
2 M.
a-f Least square means within the same column with the same superscript were not 
different (P<.05).





oxidation of liposomes more than at 0.0001 or 0 M. However, 
a prooxidant effect was observed for treatments with 0 . 0 1 M 
p-carotene and 0.01 M a-tocopherol; the TBARS were 0.059, 
0.042 and 0.042 malondialdehyde/L for 0.01, 0.0001 and 0 M 
p-carotene with 0.01 M a-tocopherol.
When liposomes were stored in the 40% 02:60% CO2 , all 
antioxidant treatments had less lipid oxidation compared to 
the control. p-Carotene at 0.0001 M had less antioxidant 
effect in combination of 0 . 0 1 M a-tocopherol and decreased 
lipid stability in the presence of 0.0001 M a-tocopherol 
{Table 4.16) .
In 20% O2:80% C02 environment, samples remained less 
than 0.09 mg malondialdehyde/L throughout the 96 hour 
storage period (Table 4.17). The TBARS of the control 
reached 0.084 mg malondialdehyde/L, the highest oxidation at 
the 96 hour storage time. Samples having lower TBARS were 
observed in the three treatments with 0 . 0 1 M a-tocopherol 
and combinations of 0.01 M p-carotene and 0.0001 M a- 
tocopherol. Slight prooxidant effects of p-carotene were 
observed at 0.0001 M regardless of the amount of a- 
tocopherol used.
The 0% 0 2 :1 0 0% C02 treatments had inconsistent 
suppression of liposome oxidation when compared with the 2 0 % 
O2 environment. The decreased 0% 02 did not lead to 
constant decreased TBARS for all antioxidant combination 
treatments when compared with 20% 02 (Table 4.18).























12 0.030 hi 0.009 el 0.012 dkl 0.021 dj 0.018 ejk0.012 ckl 0.010 dl 0.014 dkl 0.002 em
24 0.050 gi 0.008 em 0.018 ck 0.022 dj 0.020 ej 0.012 elm 0.012 dim0.014 dlm 0.012 dim
36 0.082 fj 0.011 en 0.019 cm 0.032 ckl 0.038 dk 0.030 bl 0.020 cm 0.019 cdm 0.012 dn
48 0.108 ej 0.032 dl 0.019 cm 0.035 ckl 0.041 dk 0.029 bl 0.021 cm 0.021 cm 0.019 cm
60 0.120 dj 0.052 cl 0.018 cp 0.040 bcm 0.068 ak 0.029 bn 0.022 CO 0.025 bcno0 .024 bcnop
72 0.140 ci 0.080 bj 0.028 bm 0.047 ak 0.049 ck 0.040 al 0.029 bm 0.030 bm 0.026 bm
84 0.182 di 0.092 aj 0.029 bl 0.048 ak 0.048 ck 0.031 bl 0.033 bl 0.043 ak 0.034 al
96 0.199 ai 0.096 aj 0.050 al 0.042 abm 0.059 bk 0.043 aim 0.045 alir'0.042 ““ 0.031 abn
1 malondialdehyde/L solution.
2 M.
a h Least square means within the same column with the same superscript were not 
different (P<.05).
























12 0.019 fg 0.008 fh 0.020 dg 0.019 eg 0.012 eh 0.018 bg 0.021 eg 0.020 bg 0.009 dh
24 0.022 fg 0.011 fh 0.012 eh 0.021 deg 0.020 dg 0.022 bg 0.022 cg 0.021 bg 0.020 cg
36 0.031 eg 0.019 eh 0.021 dh 0.022 deh 0.022 dh 0.022 bh 0.022 ch 0.021 bh0.021 ch
48 0.032 eg 0.028 dg 0.021 dh 0.026 cdgh0.028 eg 0.021 bh 0.023 ch 0.021 bh 0.029 bg
60 0.038 dg 0.038 eg 0.039 eg 0.026 cdhi0.022 di 0.019 bj 0.024 ci 0.031 bh0 .031 abh
72 0.050 eg 0.049 bg 0.044 bgh 0.031 bci 0.040 bh 0.019 bk 0.025 cj 0.045 agh0 .031 abi
84 0.059 bg 0.050 bh 0.044 bi 0.032 bJt 0.039 bj 0.039 aj 0.031 ak 0.042 ai^0.031 abk
96 0.084 ag 0.088 ag 0.068 ah 0.045 aj 0.056 ai 0.036 ak 0.035 ak 0.042 a3 0.033 ak
1 malondialdehyde/L solution.
2 M.
a-f Least square means within the same column with the same superscript were not 
different (P<.05).

























12 0.022 fh 0.009 fi 0.008 di 0.029 eg 0.011 di 0.008 di 0.012 di 0.019 dh 0.012 ci
24 0.031 eh 0.018 ek 0.011 dl 0.040 dg 0.019 ck 0.015 dkl 0.018 dk 0.021 dj 0.024 bi
36 0.042 dh 0.019 ei 0.008 dj 0.049 cg 0.022 ci 0.020 ci 0.021 ci 0.020 di 0.022 bi
48 0.049 cg 0.022 ej 0.020 cj 0.051 cg 0.040 bh 0.020 cj 0.022 0.020 dj 0.032 ai
60 0.050 ch 0.040 di^0.038 aj 0.062 bg 0.042 bi 0.036 bj 0.028 bl0.025 cl 0.034 ak
72 0.063 bh 0.049 ci 0.029 blm0.071 ag 0.042 bj 0.035 bk 0.026 b l 0.033 bk 0.034 ak
84 0.063 bh 0.070 bg 0.032 .bk 0.071 ag 0.049 ai 0.040 aj 0.031 ak 0.046 ai 0.030 ak
96 0.084 ag 0.081 ag 0.032 bj 0.071 ah 0.020 ck 0.012 dl 0.030 aj 0.046 ai 0.030 aj
1 malondialdehyde/L solution.
2 M.
a_f Least square means within the same column with the same superscript were not 
different (P<.05).




Inhibition of lipid oxidation was observed for samples with 
0.0001 and 0.01 M a-tocopherol and 0.01 M p-carotene. No 
antioxidant effect was found with 0 . 0 0 0 1 M p-carotene alone.
In liposome systems, TBARS generally increased with 
increased 0 2 and antioxidant activity of a-tocopherol and 
p-carotene increased as 02 decreased. Winterbourn et al. 
(1976) examined the influences of 02 partial presssures on 
oxidation of phospholipid liposomes stimulated by 
Fe/hydrogen peroxide/ascorbate and found lipid peroxidation 
decreased progressively with decreasing 0 2 concentration 
from 160 to 1.5 mm Hg.
Suppression of oxidation in a methyl linoleate system 
by a-tocopherol was observed by Niki et al. (1984). 
a-Tocopherol was shown to give antioxidant protection for 
phospholipid bilayers and to interact with lipid alkoxy and 
peroxy radicals in the membrane system (Liebler et al.,
1986) .
There was an increased resistance of membrane lipids to 
peroxidation by vitamin A and the activities of superoxide 
dismutase and catalase were not affected by vitamin A 
(Ciaccio et al., 1993). Vile and Winterbourn (1988) 
compared the antioxidant activity of a-tocopherol and 
p-carotene on microsomal lipid peroxidation. p-Carotene was 
more effective than a-tocopherol at 02 partial pressure of 4 
mm Hg (0.53% 02), while a-tocopherol was more effective at 8 
to 160 mm Hg (1.05 - 21.05% 02).
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Lipid stability in myoglobin-liposome models
Antioxidants and storage time influenced the lipid 
stability in myoglobin-liposome models. An increased linear 
trend was observed for TBARS with time. Highest lipid 
instability was observed with the highest 0 2 in packages 
(P<0.05). TBARS in myoglobin-liposome systems in the six 
MAP without any antioxidants were 1.511, 1.022, 1.272,
1.270, 1.120 and 1.089 mg malondialdehyde/L for 02 %:C02% of 
100:0, 80:20, 60:40, 40:60, 20:80, and 0:100. Higher TBARS 
were observed in the myoglobin-liposomes than in liposomes 
alone (Table A.4.3). The presence of myoglobin increased 
(P<0.05) the phospholipid peroxidation.
Lipid instability ranked the highest in the 100% O2 :0% 
C02, except for treatments with 0 M p-carotene and 0.01 M 
a-tocopherol and 0.01 M p-carotene and 0.0001 M a-tocopherol 
(Table 4.19). Much higher TBARS were observed in the 
treatments without a-tocopherol; 1.511, 1.528 and 1.442 mg 
malondialdehyde/L were recorded for 0, 0.0001 and 0.01 M 
p-carotene. a-Tocopherol retarded the increases in TBARS 
values more than p-carotene.
With the gaseous concentration of 80% O2 :20% C02, 
a-tocopherol also had improved antioxidant effects (Table 
4.20). p-Carotene alone either had little influence or 
slight prooxidant effect on lipid peroxidation; 1 .0 2 2 , 1 . 1 1 0  
and 0.969 mg malondialdehyde/L were observed for 0, 0.0001 
and 0.01 M p-carotene at 96 hour. In the combination of





















12 0.970 hk 1.041 hi 1.031 hj 0.011 fo 0.028 ^ 0.041 el 0.019 cn 0.018 en 0.021 en
24 1.162 gj 1.071 gk 1.189 gi 0.027 em 0.030 0.051 dl 0.021 cn 0.019 en 0.028 dm
36 1.248 fj 1.258 fi 1.208 fk 0.032 em 0.032 *" 0.059 cl 0.022 cn 0.021 en 0.032 dm
48 1.262 ej 1.312 ei 1.258 ek 0.039 dm 0.039 cra 0.041 el 0.030 b(l 0.021 eo 0.032 dn
60 1.369 dj 1.432 di 1.298 dk 0.042 dn 0.048 bm 0.068 bl 0.031 bo 0.031 do 0.032 do
72 1.379 cj 1.460 ci 1.350 ck 0.048 cm 0.048 bm 0.061 cl 0.032 bo 0.051 cm 0.040 cn
84 1.458 bj 1.489 bi 1.359 bk 0.060 bm 0.059 *** 0.068 bl 0.038 ao 0.069 al 0.051 bn
96 1.511 aj 1.528 ai 1.442 ak 0.068 am 0.058 an 0.089 al 0.042 30 0.062 bn 0.059 an
1 malondialdehyde/L solution.
2 M.
a_h, Least square means within the same column with the same superscript were not 
different (P<.05).
1-0, Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0.002.
Table 4.20 Lipid stability1 of myoglobin-liposome systems with 80% 02:20% C02 as affected


















12 0.721 hk 0.771 gj 1.200 ai 0.012 dn 0.002 fo 0.042 dl 0.011 fn 0.012 en 0.022 dm
24 0.772 gi 0.758 hk 1.128 bi 0.030 cm 0.022 en 0.048 cl 0.020 en 0.019 do 0.030 cm
36 0.882 ej 0.888 fi 0.810 hk 0.040 bm 0.029 dn 0.051 cl 0.029 dn 0.020 do 0.032 cn
48 0.949 cj 0.932 ek 1.032 di 0.042 bm 0.032 dn 0.052 cl 0.040 cm 0.022 do 0.031 cn
60 0.821 fj 0.959 ci 0.960 fi 0.038 bl 0.039 cl 0.058 bk 0.041 cl 0.031 cin 0.031 cm
72 0.932 dk 0.949 dj 1.061 ci 0.038 bo 0.029 dp 0.062 bl 0.048 bm 0.049 bm 0.032 cp
84 1.069 1.098 bi 0.951 gk 0.049 am 0.049 bm 0.071 al 0.050 bra0.043 an 0.038 bo
96 1.022 bj 1.110 ai 0.969 ek 0.048 an 0.058 am 0.072 al 0.058 am0.042 ao 0.050 an
1 malondialdehyde/L solution.
2 M.
a-h Least square means within the same column with the same superscript were not 
different (P<.05).
1_p Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0.002.
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0.01 M p-carotene and 0.0001 M a-tocopherol, TBARS were 
higher than in 0.0001 M a-tocopherol alone. With 0.01 M 
a-tocopherol, addition of p-carotene slightly improved the 
lipid stability. Ho et al. (1995a) reported that beef 
steaks packaged in 80% N2 :2 0 % CC>2 followed by gas exchange 
with 80% 0 2 :2 0 % C02 had lower lipid oxidation than samples 
packaged in vacuum and then changed to PVC overwrapping. 
There were no differences in TBARS for ground beef packaged 
in 80% 0 2 *2 0 % CO2 , 50% 0 2 *2 0 % CO2 :3 0 N2 ̂ or 20% 0 2 *2 0 %
CO2:60 N2 (Ho et al., 1995b).
When myoglobin-liposomes were packaged in 60% O2:40% 
CO2 , relatively higher TBARS were observed than for the 
samples stored in 80% 0 2 :2 0 % CO2 (Table 4.21). For 
treatments with 0.01 M a-tocopherol, p-carotene decreased 
lipid oxidation, but there were no differences between 0 . 0 1  
and 0.0001 M p-carotene. However, at 0.0001 and 0 M 
a-tocopherol, the antioxidant activity of p-carotene was 
inconclusive. McMillin et al. (1994b) packaged beef in 80% 
N2 :20% C02 before gas exchange with 60% O2 :40% C02 and 80% 
0 2 :2 0 % CO2 and found no differences in TBARS between 60% 
O2 :40% C02 and 80% O2 :2 0 % C02 (0.54 and 0.51 mg 
malondialdehyde/kg meat).
The lipid peroxidation remained in about the same range 
for myoglobin-liposomes packaged in 40% O2:60% CO2 (Table 
4.22). The antioxidant behaviors of a-tocopherol and p- 
carotene were similar as when used with 60 and 80% 02. With
Table 4.21 Lipid stability1 of myoglobin-liposome systems with 60% 02:40% CO2  as affected


















12 0.871 hj 0.978 gi 0.719 fk 0.022 em 0.019 em 0.040 dl 0.020 fm 0.012 en 0.021 dm
24 0.898 gj 0.999 fi 0.741 ek 0.028 dn 0.022 eo 0.041 dl 0.022 fo 0.019 do 0.032 cm
36 0.998 fj 1.108 ei 0.812 dk 0.030 dm 0.028 dm 0.042 dl 0.028 “  0.019 dn 0.032 cm
48 1.101 ej 1.111 ei 0.812 dk 0.049 cl 0.029 dn 0.042 dm 0.032 dn 0.021 do 0.032 cn
60 1.158 dj 1.148 di 0.812 dk 0.059 bl 0.032 dp 0.048 cm 0.048 cm 0.038 co 0.039 bn
72 1.220 c j 1.132 ci 0.940 ck 0.059 bl 0.040 cn 0.051 cm 0.051 bcm0 .042 bcn0 .049 3111
84 1.252 bj 1.270 bi 0.989 bk 0.059 bl 0.049 bm 0.061 bl 0.052 h"1 0.042 bn 0.042 bn
96 1.272 aj 1.329 ai 1.060 ak 0.070 am 0.050 an 0.079 al 0.071 ^  0.050 an 0.049 an
1 malondialdehyde/L solution.
2 M.
a“h Least square means within the same column with the same superscript were not 
different (P<.05).
Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0.002.
Table 4.22 Lipid stability1 of myoglobin-liposome systems with 40% 02:60% C02 as affected









0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 1
0.01
0 . 0 0 0 1
0
0 .01
0 . 0 0 0 1 0.01 
0.01 0.01
12 0.720 gi 0.941 gh 0.398 gj 0 . 0 1 1 gi 0.029 dk 0.028 dk 0 . 0 1 2 dl0.029 dk 0.029 dk
24 0.762 fi 1.240 ch 0.762 fi 0 . 0 2 2 fi 0.031 dk 0.048 cj 0.029 ck 0.049 c3 0.030 dk
36 0.998 ei 1.162 dh 0.852 ej 0.028 em 0.032 dm 0.052 cl 0.031 cm 0.069 ak 0.030 dm
48 1.041 di 1.119 fh 0 . 8 6 8 dj 0.029 em 0.040 cl 0.052 ck 0.031 0,0 0.030 ^  0.032 dm
60 1.041 di 1.118 fh 0.920 cj 0.038 dl 0.040 cl 0.052 ck 0.032 cm 0.030 dm 0.038 cl
72 1.088 ci 1.131 eh 0.942 bj 0.051 cl 0.061 bk 0.052 cl 0.048 bl0.052 cl0.051 bl
84 1.162 bi 1.292 bh 0.941 bj 0.061 bk 0.062 bk 0.058 bk 0.049 bl 0 . 0 2 1 “  0.051 bl
96 1.270 ai 1.310 ah 1.142 aj 0.091 ak 0.081 al 0.062 an 0.060 ano0.058 bo0.068 am
1 malondialdehyde/L solution.
2 M.
a~9 Least square means within the same column with the same superscript were not 
different (P<.05).
h”° Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0.002.
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0.0001 M a-tocopherol, p-carotene at 0.01 M decreased 
oxidation of lipid, followed by 0.0001 M and 0 M. A 
proxidant effect was observed for p-carotene in treatments 
without a-tocopherol. p-Carotene was only a moderate 
antioxidant or even prooxidant compared to a-tocopherol.
Decrease in 02 level to 20 % in the packaging depressed 
the TBARS in the myoglobin-liposomes (Tables 4.23). The 
TBARS values in the control increased as the storage time 
increased. As the concentration of a-tocopherol increased, 
lower TBARS were observed. When compared to the control, 
0.01 M p-carotene decreased TBARS, while 0.0001 M p-carotene 
increased TBARS. Combined with 0.01 M a-tocopherol, 0.01 M 
p-carotene lowered TBARS, but 0.0001 M p-carotene raised 
lipid oxidation. Okayama (1987) compared beef with 
tocopherol and ascorbate dips packaged in air (2 0 % 0 2) and 
in MAP (80% O2 :20% C02) and found there were no differences 
in lipid oxidation with atmospheres. The combination of dip 
treatment and MAP decreased the TBARS in beef when compared 
with MAP alone.
For myoglobin-liposomes packaged in 0% 02 :100% C02, 
TBARS in the control increased more than that in 20% 02 
(Table 4.24). p-Carotene showed prooxidant effect when a- 
tocopherol was not present in the system. This proxidant 
effect was also observed for treatments containing 0 . 0 0 0 1  
and 0.01 M p-carotene 0.0001 M a-tocopherol. An antioxidant 
activity for p-carotene was observed when 0.01 M
Table 4.23 Lipid stability1 of myoglobin-liposome systems with 20% 02:80% C02 as affected


















12 0.750 hi 0.742 bj 0.721 hk 0.021 dm 0.020 cm 0.022 dm 0.018 fm 0.018 fm 0.030 dl
24 0.772 gj 0.762 gk 0.782 gi 0.022 dn 0.039 dl 0.038 cl 0.018 fn 0.019 fn 0.032 dm
36 0.879 ei 0.788 fk 0.852 fj 0.029 cm 0.040 dl 0.041 cl 0.021 fn 0.021 fn 0.038 cl
48 0.829 fk 0.860 ej 0.892 ei 0.029 cmn 0.040 dl 0.042 cl 0.032 em 0.028 en 0.038 cl
60 0.951 dk 0.968 di 0.960 cj 0.031 cn 0.041 dm 0.042 cm 0.048 cl 0.041 dm 0.041 cm
72 0.962 ck 1.001 ci 0.912 dk 0.049 bm 0.042 do 0.059 bl 0.042 do 0.049 cm 0.041 CO
84 1.109 bj 1.139 ai 0.968 bk 0.048 bo 0.051 an 0.069 al 0.052 bn 0.059 bra 0.050 bn
96 1.120 aj 1.131 bi 1.019 ak 0.062 an 0.051 ao 0.072 am 0.069 ^ 0 . 0 8 0 al 0.062 an
1 malondialdehyde/L solution.
2 M.
a_h, Least square means-within the same column with the same superscript were not 
different (P<.05).
1-0, Least square means within the same row with the same superscript were not 
different (P<.05).
Adjusted S.E.M. = 0,002.
Table 4.24 Lipid stability1 of myoglobin-liposome systems with 0% O2:100% C02 as affected


















12 0.704 hi 0.678 bj 0.712 hk 0.011 do 0.018 dn 0.030 fl 0.020 dm 0.008 dp 0.020 cm
24 0.720 gk 0.739 gj 0.832 gi 0.028 cn 0.028 cn 0.041 el 0.021 d o 0.041 al0.032 dm
36 0.821 fk 0.822 fj 0.932 fi 0.030 cn 0.030 cn 0.048 dl 0.022 do 0.020 cp 0.032 dm
48 0.828 ek 0.872 dj 1.022 ei 0.029 cn 0.030 cn 0.052 dl 0.028 cn 0.021 co 0.038 cm
60 0.881 dj 0.842 ek 1.068 di 0.030 cm 0.029 cm 0.052 dl 0.030 cm 0.031 bm 0.052 bl
72 0.989 cj 0.919 ck 1.101 ci 0.039 bm 0.031 cn 0.058 cl 0.030 cn 0.019 co 0.058 al
84 0.998 bk 1.021 bj 1.269 bi 0.049 am 0.041 bo 0.068 bl 0.049 bm0.029 bp 0.051 bm
96 1.089 ak 1.160 ai 1.149 aj 0.049 ao 0.050 ao 0.082 al 0.068 ara0.020 cp 0.060 an
1 malondialdehyde/L solution.
2 M.
a-h, Least square means within the same column with the same superscript were not 
different (P<.05).
*"2, Least square means within the same row with the same superscript were not different 
(P<.05).
Adjusted S.E.M. = 0.002.
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a-tocopherol was added in the model system. In the previous 
chapter, gas exchange MAP technology using 80% N2 :20% C02 
extended the distribution time by exclusion of 0 2 during 
distribution. Huang et al. (1993a) reported that pork chops 
vacuum packed and then changed to PVC overwrapping had lower 
lipid oxidation than samples packaged in 80% N2 :20% C02 
followed by gas exchange with 80% 02 :20% C02.
T-test showed that the TBARS values of myoglobin- 
liposomes were higher (P<0.0001) than in liposomes (Table 
A.4.3). Introduction of myoglobin to the liposome systems 
increased the lipid oxidation (P<0.0001) and this increase 
was greater in myoglobin-liposomes without 0.01 M ex- 
tocopherol . Oxymyoglobin autoxidation generates superoxide 
anions that dismutate to hydrogen peroxide (Tajima and 
Shikama, 1987; Gotoh and Shikama/ 1976). An activated 
metmyoglobin may act as a potent prooxidant of membrane 
phospholipids (Stewart, 1990; Newman et al., 1991).
Okayama (1987) reported that lipid rancidity of beef 
steaks packaged in a gas mixture of 80% 02 :20% C02 and air 
were at the same level and a-tocopherol dip retarded TBARS 
compared with no dip treatments in MAP. Mitsumoto et al. 
(1993a, b) reported that postmortem vitamin E limited the 
increase in TBARS, but did not decrease metmyoglobin 
formation. Yin et al. (1993) reported that 14 /uM a- 
tocopherol and 140 juM ascorbate retarded lipid oxidation in 
oxymyoglobin-liposome systems. Faustman et al. (1989)
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demostrated that meat with a higher concentration of 
a-tocopherol was more resistant to lipid oxidation. 
Antioxidant activity of a-tocopherol has been extensively 
reported and also observed in our study.
Joergensen and Skibsted (1993) reported that p-carotene 
scavenged free radicals generated from unsaturated fatty 
acids and the antioxidant effect increased with increased 
concentrations and decreased 02 partial pressure (0.0K0.5 
atm). Other studies also stated that 13-cis-retinoic acid 
inhibited iron/ascorbate-dependent lipid peroxidation 
(Samokyszyn and Marnett, 1990).
In this study, compared to a-tocopherol, p-carotene was 
a moderate antioxidant or even a proxidant. It is possibile 
that p-carotene was oxidized at 12 hour sampling time. 
Monaghan and Schmitt (1932) reported that oxidized 
p-carotene accelerated linoleic acid oxidation. At higher 
0 2 pressures, p-carotene lost its antioxidant activity and 
showed an autocatalytic, prooxidant effect, particularly at 
relatively high concentrations (Burton and Ingold, 1984).
Conclusions
Increased 02 decreased myoglobin and phospholipid 
stability. MAP with 100% O2 :0% C02 greatly increased the 
metmyoglobin percentages and TBARS in the model systems and 
the lowest value was observed in 0% 02 packaging. Using 0% 
or low 0 2 concentrations in packaging probably delayed the 
myoglobin and lipid oxidation.
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The presence of myoglobin decreased lipid stability of 
liposomes probably because the free radicals generated 
during myoglobin autoxidation promoted lipid oxidation. 
a-Tocopherol improved lipid and myoglobin stability in the 
order of 0.01 > 0.0001 > 0 M. Although p-carotene has been 
reported as an antioxidant in several studies, it was only a 
moderate antioxidant or even a prooxidant in this research. 
Overall, a-tocopherol was a more potent antioxidant than p- 
carotene and greater inhibitory effects on lipid and 
myoglobin oxidation were observed with higher a-tocopherol 
and decreased O2 .
a-Tocopherol may scavenge free radicals generated 
during myoglobin autoxidation. Because a-tocopherol was 
more homogeneously distributed in the lipid-soluble 
environment compared with the aqueous myoglobin system, 
higher antioxidant activity of a-tocopherol was observed in 
myoglobin-liposomes than in myoglobin systems. The 
antioxidant activity of a-tocopherol was probably performed 
through the inhibition or stabilization of the free radicals 
generated from myoglobin and lipid oxidation.
These results indicate that meat components will have 
different myoglobin and lipid stability in varying mixtures 
of 02 and C02. Further tests are needed to verify similar 
observations in actual meat products.
CHAPTER V




Color may be the most important characteristic 
affecting consumer decision-making on acceptability of meat. 
About 74 percent of customers indicated that color was 
important in their product purchase intent decision and 
associated bright red color with meat freshness and quality 
(Lynch et al., 1986).
In well-bled muscle tissue, myoglobin constitutes 80-90 
percent of total pigments (Hedrick et al., 1994). It 
consists of a globular globin and a nonprotein heme ring.
The three forms of myoglobin in raw meat are deoxymyoglobin, 
oxymyoglobin and metmyoglobin. Deoxymyoglobin, with iron in 
ferrous state and a purple color, exists in uncut fresh meat 
or anoxic packaging systems such as modified atmosphere 
packaging without oxygen (O2 ). Deoxymyoglobin is converted 
to oxymyoglobin after full contact with O2 and becomes a 
bright red color with iron remaining in the ferrous state. 
Prolonged exposure to air, light or heat causes formation of 
metmyoglobin, a brown or grayish-brown color (Seideman et 
al., 1984; Hood, 1980). Consumers discriminate against 
fresh meat when discoloration associated with metmyoglobin 
concentration is more than 20% (MacDougall, 1982).
Oxymyoglobin is oxidized easily to metmyoglobin 
concurrently with the generation of superoxide anions, which 
can be converted to hydrogen peroxide by a spontaneous 
dismutation. The resultant hydrogen peroxide may react with
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another oxymyoglobin (Winterbourn et al, 1976; Kitaharar et 
al., 1990). Several authors have implicated the subsequent 
side reactions of superoxide radicals and hydrogen peroxide 
with oxymyoglobin in myoglobin autoxidation, and the 
inhibitory effects of superoxide dismutase and catalase for 
the oxymyoglobin autoxidation rate (Tajima and Shikama,
1987; Gotoh and Shikama, 1976; Winterbourn et al., 1976), 
Additionally, liberated hydrogen peroxide might also 
interact with metmyoglobin and become an activated 
metmyoglobin (Rhee, 1988). An activated metmyoglobin may act 
as a potent prooxidant of membrane phospholipids (Stewart, 
1990; Newman et al., 1991).
Further information on superoxide and hydrogen peroxide 
generated in myoglobin autoxidation would enhance the 
understanding of the interactions of myoglobin and myoglobin 
autoxidation derivatives. The objectives of this study were 
(1 ) to compare the autoxidation rate of different states of 
myoglobin in air; (2 ) to determine levels of hydrogen 
peroxide and superoxide anions generated in myoglobin 
systems with time; and (3) to find relationships between 
generated superoxide radicals, hydrogen peroxide and 
myoglobin.
Materials and Methods 
Preparation of myoglobin
Three forms of myoglobin, including deoxymyoglobin, 
metmyoglobin and oxymyoglobin, were prepared from
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metmyoglobin (Sigma Chemical Co., St. Louis, Missouri). 
Metmyoglobin (0.125 mM) was dissolved in 30 mM sodium 
citrate buffer (pH 5.6). Deoxymyoglobin was prepared by 
adding sodium hydrosulfite (0.1 g/g metmyoglobin). 
Oxymyoglobin was prepared by bubbling air into the 
deoxymyoglobin solution for two minute. Five mL of each of 
the three states of myoglobin solutions were distributed 
five mL each into 10 mL test tubes, which were stored in an 
ice water bath (4‘C) and exposed to air and 425 lux cool 
white fluorescent light throughout the experiment.
Analytical procedures
Hydrogen peroxide, superoxide radical and oxymyoglobin 
percentage were measured every two hours for 12 hours using 
spectrophotometry with a light path of 1 cm (Hitachi, Model 
U-2000 double-beam UV/VIS, Hitachi Instruments, Inc. San 
Jose, CA) at room temperature (27'C). Measurement of 
hydrogen peroxide was according to Bergmeyer (1981). Sample 
(1 mL) was diluted with sodium citrate (100 mL; pH 5.6) and 
measured at 240 nm. Reading was conducted against a 
reference quartz cuvette containing sodium citrate solution.
Percentage oxymyoglobin (Krzywicki, 1982) was estimated 
through recording of wavelength scan data from 200 to 600 nm 
at a speed of 800 nm/min. Absorbancies of myoglobin 
solutions at 572, 565, 545, and 525 nm were converted to the 
relative contents of oxymyoglobin according to the following 
formula: Oxymyoglobin % = 0.882R^ - 1.267R2 + O.9 4 IR3 -
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0.361, where R^, R2 and R3 were the absorbance ratios 
A572/A525/ A565/A525 and A545/A525 .
Oxymyoglobin autoxidation was plotted as oxymyoglobin 
percentage against time with the slope of each line defined 
as the autoxidation rate constant for each type of myoglobin 
solution (Kitahara et al., 1990). Superoxide radicals were 
quantified through an enzymatic assay (Misra and Fridovich, 
1972) of superoxide dismutase activity on epinephrine. 
Myoglobin solution was incubated with epinephrine (0.5 mM) 
in 50 nM potassium phosphate buffer (pH 7.0) containing 0.1 
mM EDTA and saturated with air at 37*C for reading 
spectrophotometrically at 480 nm.
The statistical model was a completely randomized 
design with split-plot arrangement and three samples were 
used for each state of myoglobin. The main plot was 
myoglobin state while sub-plot was storage time. All data 
were analyzed by analysis of variance (ANOVA) using the 
general linear models (GLM) procedure of the Statistical 
Analysis System (SAS, 1985). Least Squares Means procedures 
with differences of P^O.05 were used to separate the means 
of different myoglobin states and incubation times (Steel 
and Torrie, 1980; SAS, 1985). Pearson correlation 
coefficients were calculated between measurements. Pre­
planned contrasts were also used to determine differences 
due to forms of myoglobin (Freund and Wilson, 1992).
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Results and Discussion
Analyses of variances indicated that percentage 
oxymyoglobin and generation of hydrogen peroxide and 
superoxide anions were distinct for different states of 
myoglobin, sampling time and the interactions of myoglobin 
states and sampling time (p<0.05)(Table A.5.1). At zero 
hour, oxymyoglobin exhibited an unique spectrum containing 
two broad absorption bands with peaks around at 545 and 580 
nm (Figure 5.1). Metmyoglobin showed a decrease in 
absorbance from 500 to 560 nm. Deoxymyoglobin had a wide 
peak in absorbance from 540 through 580. Spectral analyses 
of oxymyoglobin and metmyoglobin with increased incubation 
time indicated characteristic absorbance curves with changes 
in degree of absorbance. Absorbancies of oxymyoglobin 
decreased over time when measured from 525 to 600 nm at two 
hour intervals through 12 hours (Figure 5.2). For 
metmyoglobin, absorbancies from 500 to 600 nm increased as 
time increased; there were no major peaks (Figure 5.3). The 
spectra of deoxymyoglobin showed transition changes over 12 
hours (Figure 5.4). From hours four to 10, the spectra 
curve corresponded to that of oxymyoglobin and was flatter 
at 12 hours in a shape that resembled the metmyoglobin 
absorbance spectra.
Percentage of oxymyoglobin in the oxymyoglobin 
solutions linearly decreased over time and oxymyoglobin in 
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and then decreased (Figure 5.5). Oxymyoglobin slowly 
increased in metmyoglobin solutions. Furthermore, the rate 
of decrease was greater in deoxymyoglobin than in 
oxymyoglobin solutions. The autoxidation of oxymyoglobin to 
metmyoglobin was first order and the rate constant was 
0.98857 hour-1 (R 2 = 0.97553; Table A.5.2) for 
oxymyoglobin. Data of deoxymyoglobin from the first four 
hours were not included to calculate the myoglobin oxidation 
rate constant because an increasing trend in oxymyoglobin 
concentration was observed. The myoglobin oxidation rate 
constant was 2.1615 hour-1 (R 2 = 0.95807; Table A.5.2) for 
deoxymyoglobin if the first four hours were disregarded.
Oxygenation of deoxymyoglobin was decreased after 
reaching the maximum level of oxymyoglobin at four hours. 
Data indicated that deoxymyoglobin was more susceptible to 
autoxidation than oxymyoglobin. The possible explanation 
was that there were only limited amounts of 02 available in 
the deoxymyoglobin solution without the air-bubbling step in 
the oxymyoglobin preparation. Sufficient amounts of 02 in 
the oxymyoglobin solutions maintained the stability of 
oxymyoglobin. Oxymyoglobin converts to metmyoglobin with 
reduced 02 tension in the muscle system (Seideman et al., 
1984). Oxymyoglobin percentage in the metmyoglobin solution 
increased slightly (2.1 to 5.8% oxymyoglobin). The dynamic 
balance between different states of myoglobin moved towards 

















Y = 2 . 3 + 0 . 2 8 2 1 4 X ( r 2 = 0 . 9 3 2 3 1 )10
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Time (hr)
Figure 5.5 Oxymyoglobin percentage in solutions of the 
three states of myoglobin exposed to the air with rate 
constant equations.
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The oxidative reaction of oxymyoglobin to metmyoglobin 
was first order with respect to unoxidized myoglobin and the 
mean value of the rate constant was 0.325 ± 0.015 hr-1 at 
308 C in 0.6 M phosphate buffer of pH 5.69 (George and 
Stratmann, 1952a; Matsurra et al., 1962). The rate 
constants in different 02 pressures of 760, 1.0, 0.6, and 
0.3 mm Hg were 0.33, 0.75, 0.65, and 0.39 hr-1 and the 
maximum was observed at one mm Hg (George and Stratmann, 
1952a). Ledward (1970) reported that the metmyoglobin 
formation in beef was maximum at 6 ± 3 mm Hg of 02 at 0°C 
and 7.5 ± 3 mm Hg at 7°C. Native oxymyoglobin is readily 
autoxidized to metmyoglobin with a half-life of less than 
1.5 day at physiological pH and temperature under air 
saturated conditions (Gotch and Shikama, 1976).
Superoxide anions generated during autoxidation of 
oxymyoglobin coupled the oxidation of epinephrine to 
adrenochrome (Misra and Fridovich, 1972). Oxidation of 
epinephrine led to the increase of the absorbance at 480 nm. 
This characteristic was used to measure the activity of 
superoxide dismutase (McCord and Fridovich, 1969).
Generation of superoxide anions (Table 5.1) was higher in 
metmyoglobin than in deoxymyoglobin and oxymyoglobin 
solutions. An increasing quadratic trend was observed for 
metmyoglobin and deoxymyoglobin solutions. Higher amounts 
of superoxides were measured in the metmyoglobin solutions 
than other solutions initially and this phenomena continued
137
Table 5.1 Superoxide anions in deoxymyoglobin, metmyoglobin and oxymyoglobin solutions exposed to air.
Time (hr) Deoxymyoglobin Metmyoglobin Oxymyoglobin
0 0.474b 0.533h 0.480°
2 0.471b 0.5851 0.485c
4 0.469b 0.579i 0.487cd
6 0.5169 0.5851 0.485c
6 0.501ef 0.639k 0.488cd
10 0.529h 0.618^ 0.495de
12 0.507f9 0.632k 0.458a
a_k Least squares means with same superscripts are not
different (P<0.05).
1 Adjusted s.e.m.=0.003.
throughout the 12 hours. In comparison with metmyoglobin 
and oxymyoglobin, deoxymyoglobin released less superoxide 
anions for the first four hours. However, the levels of 
superoxide anions increased after four hour for 
deoxymyoglobin, but were not greatly changed in oxymyoglobin 
solutions. The time of increase in superoxide anions 
corresponded to the decrease in percentage of oxymyoglobin 
in deoxymyoglobin solutions.
Gotoh and Shikama (1976) reported that superoxide 
dismutase acts as a scavenger of superoxide. Thus, 
deprivation of superoxide anions accelerated the reaction: 
oxymyoglobin «-* metmyoglobin + superoxide anions.
Superoxide itself could be either a reductant to donate
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electrons to hydrogen ions to form hydrogen peroxide or an 
oxidant to attract the ions (McCord and Fridovich, 1969). 
Winterbourn et al. (1976) reported that superoxide ions 
generated from xanthine oxidized oxyhemoglobin to 
methemoglobin and also reduced methemoglobin to 
oxyhemoglobin. This might also explain the slight increase 
in oxymyoglobin percentage that occurred in the metmyoglobin 
system.
In our study, the Pearson correlation coefficient (- 
0.8957) indicated that the generation of superoxide anions 
and oxymyoglobin stability were negatively related 
(Table 5.3).
Table 5.2 Hydrogen peroxide in deoxymyoglobin, metmyoglobin 
and oxymyoglobin solutions exposed to air.
Time (hr) Deoxymyoglobin Metmyoglobin Oxymyoglobin
0 0.022abc 0.025cde 0.023bc
2 0.057hi 0.0611 0.071j
4 0.034f 0.054h 0.023bcd
6 0.022abc 0.033f 0.024bcd
8 0.016a 0.030def 0.030def
10 0.019abc 0.031ef 0.075j
12 0.017ab 0.0439 0.057hi
a-3 Least squares means with same superscripts are not 
different (P<0.05). 
k Adjusted s.e.m.=0.002.
Contrasts indicated that levels of hydrogen peroxide 
were highest in the oxymyoglobin solutions, followed by
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metmyoglobin and deoxymyoglobin solutions at two, 10 and 12 
hours (Table 5.2). Hydrogen peroxide contents increased 
during the first two hours in all states of myoglobin, 
followed by a decreasing trend in deoxymyoglobin. Hydrogen 
peroxide in metmyoglobin solutions also decreased after two 
hours, but increased at 12 hours. For oxymyoglobin 
solutions, a decreased trend in hydrogen peroxide started at 
four hours and peaked at 10 hours.
In our study, the Pearson correlation coefficient 
(-0.8957) indicated that the generation of superoxide anions 
and oxymyoglobin were negatively correlated and hydrogen 
peroxide was also negatively related to oxymyoglobin and 
superoxide anions (Table 5.3).
Table 5.3 Correlation coefficients of hydrogen peroxide, 
superoxide anions and oxymyoglobin in deoxymyoglobin, 
metmyoglobin and oxymyoglobin solutions.
H2°2 °2* Oxymyoglobin
h2°2 1.0000 *
°2 * -0.3200 1.0000 •
(0.0291)
Oxymyoglobin -0.4030 -0.8957 1.0000
(0.0460) (0.0001)
Conclusions
The percentage oxymyoglobin linearly decreased in the 
oxymyoglobin solution with time. In deoxymyoglobin 
solution, percentage oxymyoglobin increased for four hours,
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followed by a linear decrease with a greater decreasing rate 
than oxymyoglobin. The time of increase in superoxide 
anions in deoxymyoglobin solution corresponded to the 
decrease in oxymyoglobin levels. The results indicated that 
deoxymyoglobin was less stable than oxymyoglobin and 
superoxide anions were generated during oxymyoglobin 
oxidation.
CHAPTER VI
INTERACTIONS OF MYOGLOBIN AUTOXIDATION AND LIPID 




Discoloration and lipid instability are the major 
shelf-life changes in refrigerated raw meat products. The 
development of discoloration before rancidity in fresh meat 
has been observed (Greene, 1969) and the extent of lipid 
peroxidation was highly correlated with the degree of 
discoloration (Younathan and Watts, 1959). Anton et al.
(199 3) concluded that myoglobin oxidation and phospholipid 
oxidation were interrelated in muscle.
The ability of heme proteins to catalyze oxidation of 
unsaturated lipids has been known for many years (Rhee et 
al., 1987; Govindarajan et al., 1977). Experiments have 
shown the ability of myoglobin and its derivatives to induce 
oxidation of linoleate and arachidonate (Grisham, 1985; 
Galaris et al., 1990). Kellogg and Fridovich (1975) 
reported that superoxide dismutase and catalase, which are 
scavengers of superoxide anions and hydrogen peroxide, 
inhibited lipid peroxidation. Conversely, lipid 
peroxidation was also claimed to be the cause of myoglobin 
autoxidation and the influence of phospholipid peroxidation 
on myoglobin autoxidation was probably of a radical nature 
(Anton et al., 1993). The radicals generated from lipid 
peroxidation promote the myoglobin autoxidation (Little and 
O'Brian, 1968a).
Oxymyoglobin was oxidized to metmyoglobin by the 
displacement of superoxide anions from oxymyoglobin by an
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entering water molecule or hydroxyl ion (Shikama, 1984). As 
soon as the superoxide anion was released to the 
environment, it then dismuted to hydrogen peroxide which was 
reported to be the potent prooxidant of phospholipid (Tajima 
and Shikama, 1987). Additionally, an activated 
metmyoglobin, which was prepared by adding hydrogen peroxide 
with metmyoglobin, was reported to initiate oxidation of 
phospholipids (Stewart, 1990; Newman et al., 1991). Direct 
measurements of hydrogen peroxide and superoxide anions 
generated from myoglobin autoxidation have not been 
identified in literature on the topic.
Modified atmosphere packaging has emerged as a 
technique to extend the shelf-life of fresh meat (Brody, 
1989). Daun et al. (1971) reported that metmyoglobin 
developed at a slower rate for fresh meat packaged in 90% 02 
when compared with meat packaged in air permeable packages. 
Adams and Huffman (1972) reported that the discoloration of 
pork was reduced by lowering the 02 in packaging. Asensio 
et al. (1988) reported that metmyoglobin formation rate was 
higher in 80% O2:20% C02 than in 80% air:20% C02. The 
partial pressure of 02 is associated with oxidation of 
myoglobin (Pearson and Dutson, 1986). Although research has 
been conducted to study the influences of 02 on lipid 
instability and discoloration of fresh meat (Daun et al., 
1971; Taylor, 1985), further studies are needed to relate
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these oxidative changes to specific effects and components 
in the steps of oxidation reactions.
The objectives of this study were (1) to assess the 
effect of high C>2 and anoxic packaging on the stability of 
myoglobin and production of superoxide anions and hydrogen 
peroxide; and (2) to explore the interactions between 
myoglobin autoxidation and lipid peroxidation in myoglobin 
and myoglobin-1iposome systems.
Materials and Methods
Liposome and oxymyoglobin preparations followed the 
procedures as described in chapter IV, except the 
metmyoglobin concentration utilized was 0.125 mM to enable 
the measurement of superoxide anion production. Prepared 
myoglobin-liposome, liposome and myoglobin solutions {10 mL) 
were transferred into test tubes. Test tubes were placed 
into a styroform mold at approximately 45 degree angle 
within barrier foam trays (Amoco Foam Products Company, 
Atlanta, Ga; O2 permeability of 1.55 cc/m2/24 hr at 23‘C 0% 
relative humidity and moisture permeability of 3.10 g/m2/24 
hr at 38'C 90% relative humidity). Packaging was on a tray 
sealer (Inpack, Ross Industries, Midland, VA) with 50 guage 
lidding film (Plicon Corporation, Columbus, GA; 02 
permeability of 9.3 cc/m2/24 hr at 23‘C 0% relative humidity 
and moisture permeability of 3.10 g/m2/24 hr at 38’C 90% 
relative humidity) with 80% N2:20% C02 and 80% O2:20% C02.
The temperature in the packaging room was about 7 ’c.
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Measurements on three samples of each treatment were taken 
every two hours for 12 hours. Procedures to measure 
oxymyoglobin percentage, myoglobin autoxidation rates, 
superoxide anions and hydrogen peroxide were described in 
chapter V and determination of lipid stability indicated by 
TBARS was given in chapter IV.
Experiment design was a completely randomized design 
with split-plot arrangement with a main plot of gas and 
system and subplot of sampling time that was analyzed with 
analysis of variance using general linear models procedures 
(SAS, 1985). To compare the influences of different systems 
with different gas over time, treatment means were separated 
by Least Squares Means procedures at probability level of 
P^O.OS. Preplanned contrasts were used to determine 
differences due to gas, system and time. Pearson 
correlation coefficients were calculated between superoxide 
anions, hydrogen peroxide, lipid stability and oxymyoglobin 
percentage (SAS, 1985).
Results and Discussion 
Oxymyoglobin Autoxidation
Oxymyoglobin concentration was affected (P<0.05) by 
gas, system, time and the interactions of time and gas, time 
and system, and time, gas and system (Table A.6.1). The 
oxymyoglobin percentage of myoglobin and myoglobin-liposome 
solutions in the two gaseous treatments were in Figure 6.1. 
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Figure 6.1. Oxymyoglobin percentage in myoglobin-liposome 
and myoglobin systems packaged with 80% N2:20% C02 and 80% 
O2:20% C02 •
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postpackaging, except a higher (P<0.05) value was observed 
for myoglobin solution packaged in 80% O2:20% C02. In 
chapter IV, myoglobin and myoglobin-liposome systems 
packaged in higher 02 environment had higher metmyoglobin 
formation. There were more treatments in chapter IV so the 
sample preparation took more time and resulted in longer 
incubation time for myoglobin and myoglobin-liposome systems 
before initial measurements. The longer incubation time led 
to higher metmyoglobin percentages at the initial sampling 
time in chapter IV (53.20% metmyoglobin for myoglobin 
solutions and 59.86% metmyoglobin for myoglobin-liposome 
solutions) when compared to the first sampling time in this 
chapter (oxymyoglobin of 81-84%).
Two hours after packaging, oxymyoglobin levels 
decreased in all systems and the decrease was greater in 
myoglobin-liposome systems than in myoglobin systems. 
Similarly, in chapter IV, for treatments without adding 
antioxidants in 80% 02;20% C02, the myoglobin systems also 
had lower metmyoglobin formation than the myoglobin-liposome 
systems. It was reported that lipid radicals generated from 
lipid peroxidation increased myoglobin autoxidation, but 
addition of chain-breaking antioxidant vitamin E contributed 
to lipid stability and consequently reduced myoglobin 
autoxidation about 25% (Anton et al., 1993).
The oxymyoglobin percentages of samples in packaging 
with 80% N2:20% C02 decreased more rapidly than those in 80%
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O2:20% CC>2 and this phenomena continued until 12 hours after 
packaging. In chapter IV, samples stored in higher 02 
environment had more metmyoglobin formation. Therefore, it 
may be suggested that high 02 maintained myoglobin stability 
within 12 hours, but promoted myoglobin oxidation after a 
longer time through 96 hours.
There was a decreasing trend for oxymyoglobin in the 
treatments. The rate of oxymyoglobin autoxidation has been 
reported to be first order (George and Stratmann, 1952a; 
Brown and Mebine, 1969; Gotoh and Shikama, 197 6; Kitahara et 
al., 1990). Autoxidation rate constants based on the slope 
of oxymyoglobin changes versus time were 0.77, 0.45, 0.60 
and 0.25 for myoglobin-liposome in N2:C02, myoglobin in 
N2:C02, myoglobin-liposome in 02:C02, and myoglobin in 
02 :C02. However, it can be observed in Figure 6.2 that 
first order reactions did not accurately describe the rate 
of oxymyoglobin decline for the systems in this study.
Oxygen is critical to maintain bloomed color of 
myoglobin (Seideman and Durland, 1984). A minimum myoglobin 
.stability was observed at low 02 pressures in a myoglobin 
system and the autoxidation rate constants were 0.33, 0.75, 
0.65 and 0.39 for 02 pressures of 7 60, 1.0, 0.6 and 0.3 mm 
Hg (George and Stratmann, 1952b). An 02 pressure level of 
more than 240 mm Hg was suggested to improve fresh meat 
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Figure 6.2. Rate constants for oxymyoglobin decline in 
myoglobin-liposome and myoglobin systems packaged with 80% 
N2 :20% C02 and 80% 02:20% C02 .
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Generation of superoxide anions and hydrogen peroxide
Superoxide anion generation was measured by epinephrine 
autoxidation which was coupled with myoglobin autoxidation 
and indicated as changes in spectrophotometric absorbances 
at 480 nm. Analyses of variances for superoxide anions 
indicated that the levels of superoxide radicals were 
affected (P<0.05) by system and time (Table A.6.1). 
Interactions existed between time and system, time and gas, 
and time, gas and system (P<0.05).
Generation of superoxide anions was not different in 
myoglobin systems between different O2 environments and a 
slight increase was observed for myoglobin in 80% O2:20% C02 
at the 12 hour sampling time. Levels of superoxide did not 
change with time for myoglobin in 80% N2:20% C02. For 
myoglobin-liposome systems, 80% O2:20% C02 increased the 
release of superoxides after four hours when compared with 
80% N2:20% C02.
There were differences between myoglobin-liposome and 
myoglobin systems after 12 hours in anoxic atmospheres 
(Table 6.1). More (P<0.05) superoxide radicals were 
produced in the myoglobin-liposome systems with higher 02 
after eight hours. This finding suggested that presence of 
liposomes favored the release of superoxide anions from 
myoglobin under high 02. Superoxide radicals dismuted into 
hydrogen peroxide which subsequently attacked liposomes and
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Table 6.1 Superoxide anions in myoglobin-liposome and 
myoglobin systems with 80% 02:20% C02 and 80% N2:20% C02.
Time
(hr)
80% N2:20% CMOU 80% 02 :20% C02
Mb-liposome Myoglobin Mb-liposome Myoglobin
0 0.426a 0.490abcde 0.420a 0.491abcde
2 0.530defg 0.494bcde 0.479abcde 0.504bcdef
4 0.467abcd 0.501bcde 0.547efg 0.487abcde
6 0.453abc 0.486abcde 0.570fgh 0. 5 H cdef
8 0.470abcd 0.487abcde 0. 630hi 0.489abcde
10 0 .510cdef 0.500bcde 0.680±j 0.440ab
12 0.58 3gh 0.49 6bcde 0.7003 0.514cdef
a"3 Least squares means with same superscripts are not 
different (P<0.05).
K Adjusted s.e.m.=0.061
shifted the reaction of oxymyoglobin ++ metmyoglobin + 
superoxide toward oxymyoglobin autoxidation.
Pederson and Aust (1973) reported that liver microsomal 
lipid peroxidation was promoted by a milk xanthine oxidase 
system that generated superoxide; the reaction was inhibited 
by superoxide dismutase. Superoxide radicals involved in 
lipid peroxidation were also reported in other systems such 
as mitochondrial membranes, microsomes and erythrocytes (Fee 
and Teitelbaum, 1972; Pederson and Aust, 1972; Zimmermann et 
al., 1973). Substantial amounts of superoxide radicals were 
generated from electron-transport systems in mitochondria 
and microsomes isolated from skeletal muscle tissue (Aust, 
1972; Forman and Kennedy, 1975). Hydrogen peroxide and
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superoxide radicals are normally present at low 
concentrations in meat tissue and are maintained at 
approximately 10“9-10“7 M and 10_12-10_11M (Oshino et al., 
1973; Tyler, 1975).
The most likely role of superoxide in lipid 
peroxidation would be in the initiation step of lipid 
peroxidation by producing reactive intermediates. Pederson 
and Aust (1973) suggested that singlet oxygen might be 
formed from superoxide and induce lipid peroxidation.
Hydrogen peroxide levels were affected (P<0.05) by 
system, gas, time and the interactions of time and gas, time 
and system, and time, system and gas (Table A.6.1). More 
hydrogen peroxide was observed in myoglobin-liposome systems 
than in myoglobin in the 80% N2:20% C02 environment at the 
initial sampling time and this difference continued 
throughout the storage time. Levels of hydrogen peroxide 
were lower in myoglobin systems than in myoglobin-liposome 
systems in high 02 packaging at the initial time (Table 
6.2). However, the rate increased in myoglobin and the 
amounts of hydrogen peroxide were the same as in myoglobin- 
liposome systems after 12 hours.
Generation of hydrogen peroxide in myoglobin-liposome 
system occurred at a very fast rate. It probably started 
at the time of mixing myoglobin and liposome solutions as 
indicated by the much higher amounts of hydrogen peroxide 
observed in myoglobin-liposomes systems than in myoglobin
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Table 6.2. Hydrogen peroxide in myoglobin-liposome and 
myoglobin systems with 80% 02:20% C02 and 80% N2:20% C02 .
Time 80% N2:20% co2 80% 02:20% C02
(hr) Mb-liposome Mb Mb-liposome Mb
0 0.06 0gh 0.024ab 0.062h 0.022a
2 0.057gb 0.030bc 0.055fgh 0.042d
4 0.054fg 0.022a 0 . 0 6 3h 0.022a
6 0.058gh 0.029abc 0.0741 0.032c
8 0.055fgh 0.056gh 0.062h 0.054fg
10 0.082j 0.028abc 0.077ij 0.048df
12 0.052fg 0.025abc 0.062h 0.063h
a“3 Least squares means 
different (P<0.05). 
k Adjusted s.e.m.=0.003
with same superscripts were
■
not
systems at the initial time. Later introduction of high 02
atmospheres resulted in increases in hydrogen peroxide 
production at a rapid rate for myoglobin systems.
Lipid Instability
Lipid instability was different due to different 
systems, sampling time and interaction of system and time 
(P<0.05) rather than gas (P>0.05). TBARS of myoglobin- 
liposome systems were 0.067 and 0.071 mg malondialdehyde/L 
in 80% N2:20% C02 and 80% 02:20% C02 atmospheres and 
increased after 12 hours to 0.070 and 0.102 mg 
malondialdehyde/L (Figure 6.3). Both liposome systems 
showed TBARS amounts of less than 0.01 mg malondialdehyde/L 
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Figure 6.3 Lipid stability of myoglobin-liposome and 
liposome systems with 80% 02:20% C02 and 80% N2:20% C02
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systems stored in higher 02 environment did not have higher 
lipid oxidation, although an increasing trend in TBARS with 
higher 02 for 96 hours was observed in chapter IV. In a 
previous study, beef packaged in 80% O2:20% C02 had more 
lipid peroxidation than samples in 80% N2:20% C02 for more 
than 14 days (Huang et al., 1993b). Storage time seems to 
be a critical factor influencing differences of lipid 
oxidation in atmospheres with different levels of 02. The 
experimental time of this study was 12 hours so the complete 
influences of 02 levels on lipid oxidation were probably not 
observed.
Myoglobin or other heme compounds have been shown to
decrease lipid stability (Hutchins et al., 1967; Kwoh,
1971). Kanner (1992) further demonstrated that the
porphyrin ring of myoglobin was an effective photosensitizer
to produce singlet oxygen, which is a high-energy oxidant
toward lipid. Additionally, superoxide anions released from
oxidized oxymyoglobin dismute to hydrogen peroxide and
hydroxyl radicals, each of which is a potent prooxidant of
phospholipid (Tajima and Shikama, 1987). Kanner and Harel
(1985) reported that no phospholipid oxidation occurred in
the presence of metmyoglobin or hydrogen peroxide alone.
Relationships of oxymyoglobin, superoxide anions, hydrogen 
peroxide and lipid stability
There were negative correlations of oxymyoglobin with 
hydrogen peroxide generation, superoxide anion production 
and lipid instability (P<0.05)(Table 6.3). Superoxide
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anions and hydrogen peroxide were formed upon degradation of 
myoglobin-liposomes and oxidized phospholipids that resulted 
in increased TBARS values.
Pearson correlation coefficients of 0.74 and -0.96 were 
calculated between TBARS and hydrogen peroxide and TBARS and 
superoxide anions. The correlation coefficients indicated 
that lipid oxidation was coupled with hydrogen peroxide 
generation and disappearance of superoxide radicals.
Hydrogen peroxide itself probably decreased phospholipid 
stability and promoted malondialdehyde formation. Yuasa et 
al. (1987) reported that addition of catalase prolonged the 
stability of liposome-embedded heme, which was assumed to be 
caused by its ability to remove hydrogen peroxide and other 
peroxides from the liposome solution. As expected, the 
superoxide anions and hydrogen peroxide levels were 
negatively related (-0.74). Superoxide anions were the 
precursors of hydrogen peroxide; disappearance of superoxide 
anions resulted in increased hydrogen peroxide levels; thus, 
higher TBARS were observed. Singlet oxygen has been 
reported to be derived from superoxide anions and promote 
lipid peroxidation (Pederson and Aust, 1973). This other 
pathway of superoxide generation that has been proposed 
might influence lipid peroxidation indirectly. The 
possibility of the presence of singlet oxygen, although not 
studied in this experiment, might explain the differences 
between correlations of superoxide and lipid instability
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(-0.96018) and hydrogen peroxide and lipid instability
(0.7426). Oxymyoglobin percentage and lipid instability
were negatively correlated (-0.35), which was in agreement
with other reports that discoloration and lipid peroxidation
were closely related (Rhee and Ziprin, 1987).
Table 6.3. Correlation coefficients of hydrogen peroxide, 
lipid instability, superoxide anions and oxymyoglobin of myoglobin-liposome and liposome systems.
h2o2 TBARS o2-
h2o 2 1 . 0 0 0 0 0 * •
TBARS 0.74260 1 . 0 0 0 0 0 •
(0.0001)
°2 . -0.73872 -0.96018 1 . 0 0 0 0 0
(0.0001) (0.0001)
Oxymyoglobin -0.64543 -0.35259 -0.88320
(0.0011) (0.0012) (0.0006)
Conclusions
Myoglobin stability decreased at a faster rate in 
myoglobin-liposome than in myoglobin systems. High 02 
atmosphere maintained myoglobin stability during 12 hours 
when compared to anoxic environment. The presence of 
phospholipids destabilized myoglobin and favored the release 
of superoxide anions that dismuted to hydrogen peroxide and 
subsquently destabilized lipids. Superoxide anion 
generation was highly correlated to lipid instability
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(-0.96018) but hydrogen peroxide, dismuted from superoxide, 
was relatively less correlated to lipid instability 
(0.7426). Singlet oxygen generated from superoxide anions, 
although not studied in this experiment, might be the other 





The influences of lipid peroxidation and pigment 
autoxidation in beef and model systems were examined in 
modified atmosphere packaging containing O2 in gas mixtures. 
Ground beef of 75 and 90% lean that were commercially 
packaged in 80% N2?20% C02 had gaseous atmospheres exchanged 
for 80% O2:20% C02 at 15, 18, 20, 22, 25, 27, or 29 days 
postpackaging before display under simulated retail 
conditions of 7°C and 1345 lux of cool white fluorescent 
light. Longer distribution times before gas exchange for 
ground beef decreased redness and lipid stability and 
increased metmyoglobin formation, discoloration and rancid 
odor scores. Extended display time increased C02, 
psychrotrophic growth, lightness of color, metmyoglobin 
formation, discoloration and rancid odor scores and 
decreased O2 , pH, redness and yellowness. The initial 
microbial loads of 90% lean ground beef were lower by about 
one log colony forming units per gram of meat than 70% lean. 
On the same postpackaging day, samples having longer gas 
exchange time and shorter display time had lower 
psychrotrophic growth, metmyoglobin formation, 
discoloration, rancid odor scores and lipid oxidation when 
compared with samples from shorter gas exchange time with 
longer display time.
Interrelationships of myoglobin auoxidation and 
phospholipid peroxidation were examined in model systems of 
liposomes, myoglobin, and myoglobin-liposomes. Antioxidants
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gaseous atmospheres of 100:0, 80:20, 60:40, 40:60, 20:80 or 
0:100 0 2 %:C0 2 created different oxidative conditions through 
9 6 hours. Packaging in 100% O2:0% C02 increased (P<0.05) 
oxidation of myoglobin and lipid peroxidation in myoglobin- 
liposome systems with highest lipid stability observed in 
anoxic conditions. a-Tocopherol was an antioxidant of lipid 
and myoglobin oxidation in the order of 0.01 > 0.0001 > 0 M 
(P<0.05). With 0.01 M a-tocopherol, (3-carotene at 0.01 M 
had a prooxidant effect. Addition of |3-carotene aided lipid 
stability when compared to no (3-carotene, but there were no 
differences between 0.01 and 0.0001 M concentrations. There 
was less lipid stability in myoglobin-liposome systems than 
in liposome systems and more metmyoglobin formation in 
myoglobin-liposome systems than in myoglobin systems when 
antioxidants were not added. Antioxidants decreased 
metmyoglobin formation in myoglobin-liposome systems more 
than in myoglobin systems. Incorporation of antioxidants, 
particularly a-tocopherol, retarded metmyoglobin formation 
and lipid peroxidation in different model systems and 
gaseous atmospheres.
Three forms of myoglobin deoxymyoglobin, metmyoglobin 
and oxymyoglobin solutions were exposed to air at 4'C to 
measure generation of hydrogen peroxide, superoxide 
radicals, oxymyoglobin percentage and myoglobin autoxidation 
every two hours for 12 hours. Oxymyoglobin, hydrogen 
peroxide and superoxide anions were distinct for different
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states of myoglobin/ sampling times and the interactions of 
myoglobin states and sampling time. Oxymyoglobin in the 
oxymyoglobin solutions decreased linearly with time. 
Oxymyoglobin in deoxymyoglobin solutions decreased after 
reaching a maximum level at four hours. The myoglobin 
oxidation was greater in deoxymyoglobin than in oxymyoglobin 
solutions with first order rate constants of 0.98857 hour-1 
(R 2 = 0.97553; P<0.05) for oxymyoglobin and 2.1615 hour-1 
(R 2 = 0.95807; P<0.05) for deoxymyoglobin if the first four 
hours were disregarded. Oxymyoglobin was lowest in the 
metmyoglobin solutions, but increased slightly with time. 
Generation of superoxide anions was higher in metmyoglobin 
than in deoxymyoglobin and oxymyoglobin solutions. The time 
of increase in superoxide anions corresponded to the 
decrease in oxymyoglobin in deoxymyoglobin solutions.
Hydrogen peroxide increased during the first two hours and
*
then decreased in all states of myoglobin. Hydrogen 
peroxide was lower in deoxymyoglobin solutions than in 
metmyoglobin and oxymyoglobin solutions.
Myoglobin-liposome, myoglobin and liposome systems were 
packaged in 80% N2:20% C02 and 80% O2:20% C02 and examined 
for oxymyoglobin, superoxide anions, hydrogen peroxide and 
lipid stability every two hours for 12 hours. Oxymyoglobin 
was similar in the different systems at initial time 
postpackaging, except a higher value was observed for 
myoglobin solutions in 80% O2:20% C02. Two hours after
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packaging, oxymyoglobin levels decreased in all systems with 
a greater decrease in myoglobin-liposome systems than in 
myoglobin systems. Oxymyoglobin of samples in 80% N2:2 0%
C02 decreased more rapidly than those in 80% O2:20% C02 
through 12 hours after packaging. Superoxide anion 
generation was similar between different 02 environments in 
myoglobin systems, with a slight increase observed for 
myoglobin in 80% O2:20% C02 at the 12 hour sampling time. 
However, more superoxide radicals were produced in the 
myoglobin-liposome systems in 80% O2:20% C02 than in 80% 
N2:20% C02 after 4 hours. The presence of liposomes favored 
the release of superoxide anions from myoglobin with high 
02 . More hydrogen peroxide was observed in myoglobin- 
liposome systems than in myoglobin in the 80% N2:20% C02 
environment at the initial sampling time and this difference 
continued throughout the storage time. There were negative 
correlations of oxymyoglobin with hydrogen peroxide 
generation and lipid instability. Lipid instability was 
coupled with hydrogen peroxide generation and disappearance 
of superoxide radicals.
In conclusion, lipid peroxidation and myoglobin 
autoxidation increased with increased 02 when lipids and 
myoglobin were in immediate contact. Superoxide anion 
generation was highly related to myoglobin oxidation and 
hydrogen peroxide was related with phospholipid 
peroxidation. Fresh ground beef in 80% N2:20% C02 during
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distribution and storage had delayed pigment and lipid 
oxidation and dynamic gas exchange with 80% 0 2 :2 0 % CO2 
provided an attractive bloomed color for retail display. 
Extending gas exchange time for ground beef prolonged the 
overall shelf-life, but decreased the display shelf-life. 
Inclusion of a-tocopherol decreased lipid oxidation and 
improved myoglobin stability probably through neutralization 
of hydrogen peroxide and superoxide anions.
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Analysis of variance for headspace CO? and 0? percentage.
Source df .
co2 °2
SS P>F SS P>F
Rep 1 7.91 0.3083 35.89 0.4905
Lean 1 0.51 0.7947 47.86 0.4262
Rep*Lean 1 2.90 0.5361 0.48 0.9360
Exchange 6 28.41 0.7031 272.28 0.7219
Leant*Exchange 6 38.89 0.5251 307.80 0.6596
Rep*Lean*Exchange 12 51.87 0.8506 515.74 0.8514
Display 4 368.56 0.0001 5315.30 0.0001
Lean*Display 4 20.97 0.5947 603.37 0.1033
Exchange*Display 24 381.15 0.0106 1709.60 0.5328
Lean*Exchange*Display 24 143.97 0.7188 1412.80 0.7326
Test of Hypotheses using Rep*Lean as an error term
Lean 1 0.51 0.7469 47.86 0.0638
Test of Hypotheses using Rep*Lean*Exchange as an error term
Exchange 6 28.41 0.4186 272.28 0.4385
Lean*Exchange 6 38.89 0.2588 307.80 0.3725 185
Table A .3.2
Analysis of variance for psychrotrophic microorganisms and pH values.
Source df
Psychrotrophs (CFU/g) PH
SS P>F SS P>F
Rep 1 0.13 0.1252 0.00 0.9974
Lean 1 0.00 0.7829 0.00 0.0049
Rep*Lean 1 0.09 0.2049 0.00 0.4413
Exchange 6 5.25 0.0001 0.05 0.0001
Lean*Exchange 6 0.49 0.1758 0.00 0.6043
Rep*Lean*Exchange 12 0.74 0.3259 0.01 0.6044
Display 4 34.76 0.0001 0.13 0.0001
Lean*Display 4 0.27 0.2842 0.01 0.0210
Exchange*Display 24 16.76 0.0001 0.16 0.0001
Lean*Exchange*Display 24 2.90 0.0054 0.04 0.0021
Test of Hypotheses using Rep*Lean as an error term
Lean 1 0.00 0.8647 0.01 0.1649
Test of Hypotheses using Rep*Lean*Exchange as an error term
Exchange 6 5.25 0.0001 0.05 0.0001
Lean*Exchanqe 6 0.49 0.3157 0.00 0.5263
Table A.3.3
Analysis of variance for HunterLab "I", "a" and "b" values.
Source df
"L" ita" "b"
SS P>F SS P>F SS P>F
Rep 1 1.26 0.4853 0.00 0.9966 0.19 0.5253
Lean 1 152.42 0.0001 0.05 0.8455 12.29 0.0001
Rep*Lean 1 3.10 0.2750 0.47 0.5502 0.97 0.1539
Exchange 6 81.80 0.0002 61.15 0.0001 9.00 0.0084
Lean*Exchange 6 12.64 0.5556 14.55 0.1050 3.06 0.3738
Rep*Lean*Exchange 12 34.08 0.3690 13.66 0.5803 3.76 0.7668
Display 4 114.14 0.0001 3465.02 0.0001 26.26 0.0001
Lean*Display 4 7.70 0.5597 2.85 0.7034 1.17 0.6410
Exchange*Display 24 218.16 0.0001 540.16 0.0001 40.20 0.0001
Lean*Exchange*Display 24 77.08 0.2371 69.51 0.0075 23.04 0.0130
Test of Hypotheses using Rep*Lean as an error term
Lean 1 152.42 0.0902 0.05 0.7995 12.29 0.1742
Test of Hypotheses using Rep*Lean*Exchange as an error term
Exchange 6 81.80 0.0102 61.15 0.0007 9.00 0.0102
Lean*Exchanqe 6 12.64 0.6269 14.55 0.1248 3.06 0.2224
Table A.3.4
Analysis of variance for metmyoglobin formation and subjective color scores.
Metmyoglobin Subjective Color
Source df SS P>F SS P>F
Rep 1 0.00 0.9872 0.18 0.2260
Lean 1 0.01 0.0533 0.00 1.0000
Rep*Lean 1 0.01 0.0850 0.06 0.4657
Exchange 6 0.29 0.0001 8.57 0.0001
Lean*Exchange 6 0.01 0.6297 0.28 0.8806
Rep*Lean*Exchange 12 0.03 0.5662 0.66 0.9270
Display 4 8.73 0.0001 268.28 0.0001
Lean*Display 4 0.01 0.5758 2.40 0.0014
Exchange*Display 24 2.37 0.0001 93.07 0.0001
Lean*Exchange*Display 24 0.22 0.0005 9.61 0.0001
Test of Hypotheses using Rep*Lean as an error term
Lean 1 0.01 0.4623 0.01 0.1649
Test of Hypotheses using Rep*Lean*Exchange as an error term
Exchange 6 0.29 0.0001 0.05 0.0001
Lean *Exchanqe 6 0.01 0.5745 0.00 0.5263
Table A.3.5
Analysis of variance for rancid odor scores and lipid instability.
Rancid Odor TBARS
Source df SS P>F SS P>F
Rep 1 0.85 0.0931 0.10 0.6816
Lean 1 0.07 0.6263 0.05 0.7657
Rep*Lean 1 0.06 0.6430 0.40 0.4206
Exchange 6 24.72 0.0001 29.39 0.0001
Lean*Exchange 6 1.42 0.5693 12.67 0.0053
Rep*Lean*Exchange 12 2.17 0.8191 18.90 0.0080
Display 4 262.57 0.0001 749.26 0.0001
Lean*Display 4 2.77 0.0637 5.01 0.0972
Exchange*Display 24 85.08 0.0001 0.10 0.0001
Lean*Exchange*Display 24 24.82 0.0001 27.36 0.0266
Test of Hypotheses using Rep*Lean as an error term
Lean 1 0.07 0.4843 0.05 0.7749
Test of Hypotheses using Rep*Lean*Exchange as an error term
Exchange 6 24.72 0.0001 29.39 0.0447









15 1.47ab 1.50ab 1.47ab 1.33ab 1.09d
18 1.46ab 1.31° 1.32° 1.24c 1.30c
20 1.52ab 1.45ab 1.35bc 1.05d 0.61g
22 1.51ab 1.49ab 1.35bc 0.93® 0. 68f
25 1.47ab 1.54a 1.30c 0,74f 0.70f
27 1.56a 1.33c 0.94® 0.68f 0. 70f
29 1.53ab 1.29° 0.78f 0.66f 0.75f





Metmyoglobin formation of 75% lean ground beef after gasexchange.
Gas Exchange Display (days)
(days)____ 1_________ 2_________ 3_________ 4_________ 5
15 1.51a 1 .45abc 1 ^gbcdefg 1 .32Bf9h 1 .1 0 1
18 1.50a 1 .34cdefgh 1 ^gdefgh 1 2 9 f9h 1.29f9h
2 0 1 . 33defgh 1 ,41abcde 1 ggcdefgh 0.84kl 0.75lm
2 2 1.52a 1 .44abcd 1 28^h 1.08^ 0 .6 8 m
25 1.51a 1.44abcd 1 lO1 0 .83kl 0.70m
27 1 .47ab 2 ̂ 4Qabcdef 0.87k 0.67m 0.67m
29 1.52a 1.26h 0.99j 0 .6 8 m 0,69m





Analysis of variance for headspace CO2  and (>2 percentage.
Source df
°2 co2
Type III SS P>F Type III SS P>F
Model 1 0.01 0.6954 0.02 0.6798
Gas 5 8.48 0.0001 9.28 0.0001
Model*Gas 5 0.43 0.5781 0.03 0.4143
A ((3-carotene) 2 0.11 0.5201 0.08 0.5481
E (a-tocopherol) 2 0.48 0.7801 0.61 0.6581
A*E 4 0.20 0.3901 0.63 0.1821
Gas*A 10 0.09 0.5469 0.02 0.2318
Gas*E 10 0.75 0.6921 0.04 0.7242
Gas*A*E 20 0.18 0.5490 0.09 0.4667
Model*Gas*A 10 0.54 0.4801 0.47 0.4661
Model*Gas*E 10 0.53 0.8711 0.48 0.2696
Model*Gas*A*E 20 0.73 0.1901 0.19 0.8861
Time 7 0.35 0.6901 1.93 0.4901
Gas*Time 35 0.09 0.9726 0.35 0.9821
Time*A 14 0.14 0.6351 0.02 0.5334
Time*E 14 0.41 0.4291 0.06 0.8720
Time*A*E 28 0.14 0.3244 0.15 0.9841
Time*Gas*A 70 0.15 0.9998 0.08 0.9954
Time*Gas*E 70 0.20 0.9928 0.10 0.9237
Time*Gas*A*E 140 0.26 0.0500 0 * 00 0.9935
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Table A.4.2




Type III SS P>F Type III SS P>F
Model 1 29.71 0.0001 0.69 0.0001
Gas 5 0.48 0.0001 1.28 0.0001
Model*Gas 5 0.43 0.0001 0.03 0.0143
A ((3-carotene) 2 0.11 0.0001 0.08 0.0001
E (a-tocopherol) 2 29.48 0.0001 8.61 0.0001
A*E 4 0.20 0.0001 0.63 0.0001
Gas*A 10 0.09 0.0229 0.02 0.2318
Gas*E 10 0.75 0.0001 0.04 0.0242
Gas*A*E 20 0.18 0.0060 0.09 0.0007
Model*Gas*A 10 0.54 0.0001 0.47 0.0001
Model*Gas*E 10 62 .53 0.0001 2.48 0.0001
Model*Gas*A*E 20 0.73 0.0001 0.19 0.0001
Time 7 1.35 0.0001 1.93 0.0001
Gas*Time 35 0.09 0.9726 0.35 0.0001
Time*A 14 0.14 0.0051 0.02 0.5334
Time*E 14 0.41 0.0001 0.06 0.0020
Time*A*E 28 0.14 0.3244 0.15 0.0001
Time*Gas*A 70 0.15 0.9998 0.08 0.9954
Time*Gas*E 70 0.20 0.9928 0.10 0.9237
Time*Gas*A*E 140 0.26 1.0000 0.18 0.9935 :— — r(table Con’d.)
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TBARS metmyoglobin %
Source df Type III SS P>F Type III SS P>F
Test of Hypotheses using Model*Gas*A*E as an error term
Gas 5 0.48 0.0001 1.28 0.0001
A 2 0.11 0.0330 0.08 0.0162
E 2 29.48 0.0001 8.61 0.0001
Source df Contrast SS P>F Contrast SS P>F
Timelinear 1 1.32 0.0001 1.187 0.0001
Timequadrat i c 1 0.01 0.1511 0.00 0.6097
AO vs. A others 1 0.08 0.0001 0.06 0.0001
AO.0001 vs. AO.01 1 0.03 0.0089 0.02 0.0036
E0 vs. E others 1 29.39 0.0001 2.98 0.0001
E0.0001 vs. E0.01 1 0.09 0.0001 5.64 0.0001
GaslOO vs. 80-0 1 0.39 0.0001 1.27 0.0001
Gas80 vs. 60-0 1 0.00 0.4842 0.01 0.0626
Gas60 vs. 40-0 1 0.04 0.0018 0.01 0.0641
Gas40 vs. 20-0 1 0.00 0.3403 0.00 0.8258
Gas20 vs. 0 1 0.04 0.0038 0.00 0.5146
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Table A.4.3
T-tests for metmyoglobin formation between myoglobin- 
liposome and myoglobin systems and lipid stability between myoglobin-liposome and liposome systems.
Mean Std Error T Prob>T
Metmyoglobin (%) -5.72 0.49 -11.7051 0.0001
TBARS1 0.328 0.016 20.519 0.0001
1 TBARS = thiobarbituric acid reactive substances; mg 
malondialdehyde/L solution.
Table A.5.1
Analysis of variance for oxymyoglobinr superoxide anions and hydrogen peroxide.
Oxymyog1obin% Superoxide anions Hydrogen peroxide
Source df SS P>F SS P>F SS P>F
REP 2 0.21 0.5918 0.00 0.1275 0.00 0.4850
SYS 2 3243.05 0.0001 0.01 0.0001 0.00 0.0045
REP*SYS 4 0.04 0.9738 0.00 0.0736 0.00 0.5453
TIME 6 304.47 0.0001 0.01 0.0001 0.01 0.0001
TIME*SYS 12 396.49 0.0001 0.01 0.0001 0.00 0.0001
Contrast df Contrast SS P>F Contrast SS P>F Contrast. SS P>F
SYS Ddmb vs. Mmb 1 2026.86 0.0001 0.01 0.0001 0.00 0.0033
SYS Mmb vs. Omb 1 2778.55 0.0001 0.01 0.0001 0.00 0.9187
SYS Dmb vs. Omb 1 59.15 0.0001 0.00 0.0003 0.00 0.0042
Table A.5.2
Linear fit for myoglobin oxidation for deoxymyoglobin, metmyoglobin and oxymyoglobln solutions exposed to air.
Data = oxymyoglobin




R2 = 0.97553 









Data = deoxymyoglobin 









Data = metmyoglobin 
Y = A + B * X
Parameter Value standard dev.
A 2.3 0.24519
B 0.28214 0.034
R2 = 0.97553 




Oxymyoglobin percentage of deoxymyoglobin, metmyoglobin and oxymyoglobin solutions exposed to air.
Time (hr) Deoxymyoglobin Metmyoglobin Oxymyoglobin
0 58.91® 2.10a 7 3 . 2 0m
2 61.84h 3 .31ab
HCMCD•o
4 63.841 3.60abc 69.14k
6 62.57hi 3.39abc 66.77*
8 58.14g 4 .58bcd 63.941
10 51.18f 5.17cd 62 .46hi
12 47.92® 5.80d 62.12h




Analysis of variance for oxymyoglobin and superoxide anions.
Source df
Oxvmvoalobin % 
Type III SS P>F
Suoeroxide anions 
Type III SS P>F
REP 2 0.45 0.0909 0.00 0.4319
SYS 1 14.57 0.0001 0.58 0.0001
GAS 1 18.61 0.0001 0.00 0.7376
GAS*SYS 1 0.07 0.5152 0.00 0.9803
REP*SYS 2 0.10 0.4169 0. 00 0.9809
REP*GAS 2 0.00 0.9592 0.00 0.9539
REP*GAS*SYS 2 0.04 0.6026 0.00 0.4090
TIME 6 355.47 0.0001 0.00 0.0119
SYS*TIME 6 12.10 0.0001 0.00 0.0069
GAS*TIME 6 13 . 05 0.0001 0.00 0.0095
GAS*SYS*TIME 6 7.03 0.0001 0.00 0.0006
Tests of Hypotheses 
an error term
using the Type III MS for REP*GAS*SYS as
SYS 1 14.57 0.0341 0.58 0.0089
GAS 1 18.61 0.0302 0.00 0.7552
GAS*SYS 1 0.07 0.4294 0.00 0.9811
Contrast df Contrast SS P>F Contrast SS P>F
GAS1 N2 VS. GAS °2 1 18.61 0.0001 0.00 0 .7376
SYS2 lmb vs. SYS mb 1 14.57 0.0001 0.58 0.0001
1 GAS N2 = 80% N2:20% C02; 02 = 80% O,:20% C02.




Analysis of variance for hydrogen peroxide and llpld oxidation.
Source df
Hvdeogen Deroxide 
Type III SS P>F
TBARS1 
Type III SS P>F
REP 2 0.00 0.6409 0.00 0.8454
SYS 1 0.00 0.0001 0.02 0.0001
GAS 1 0.00 0.0037 0.00 0.7548
GAS*SYS 1 0.00 0.7283 0.00 0.6229
REP*SYS 2 0.00 0.2867 0.00 0.3907
REP*GAS 2 0.00 0.7212 0.00 0.7192
REP*GAS*SYS 2 0.00 0.2407 0.00 0.5181
TIME 6 0.00 0.0001 0.00 0.0669
SYS*TIME 6 0.00 0.0001 0.00 0.0316
GAS*TIME 6 0.00 0.0001 0.00 0.6389
GAS*SYS*TIME 6 0.00 0.0001 0.00 0.5074
Tests of Hypothesesi using the Type III MS for REP*GAS*SYS as
an error term 
SYS 1 0.00 0.0872 0.02 0.0054
GAS 1 0.00 0.2369 0.00 0.6060
GAS*SYS 1 0.00 0.8178 0.00 0.6671
Contrast df Contrast SS P>F Contrast SS P>F
GAS2 N2 VS. GAS 02 1 0.00 0.0037 0.00 0. 6229
SYS lmb vs. SYS mb31 0.00 0.0001 0.01 0.0001
1 mg malondialdehyde/L.
2 GAS N2 = 80% N2:20% C02; 02 = 80% O2:20% C02.
3 Contrast of myoglobin-liposome (lmb) and myoglobin (mb) 
systems for hydrogen peroxide; contrast of myoglobin- 
liposome and liposome systems for lipid oxidation.
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Table A.6.3.
Oxymyoglobin percentages in myoglobin-liposome and liposome 
systems with 80% O2 :20% C02 and 80% N2:20% C02.
Time 80% N2:20% C02 80% 02•20% CO2
(hr) Mb-liposome Mb Mb-liposome Mb
0 80.91=> 80.40^ 80.83^ 83.71k
2 80.19hi^ 7 9  gggliij 79.55ghi^ 79.92ghi
4 77.16def 79 .83^hij 78. 77fghij 79 .77ghi3
6 77.83efg 79 .40gh^ 77.06def 78 . 78fghi;j
8 75.36cd 78.16fghi 76.78def 78. 36fghi
10 72.43a 75.44cd 74.90bcd 77.90fgh
12 72.79ab 75 .54cde 73.4 8abc 77.97fgh
a_lt Least 
different






Lipid stability1 in myoglobin-liposome and liposome systems 
with 80% 02:20% C02 and 80% N2:20% C02.
Time
(hr)
80% N2:20% c o 2 80% 02:20% C02
Mb-liposome Mb Mb-liposome Mb
0 0.067bc 0.001a 0 .071cd 0.002a
2 0.072cd 0.002a 0.102h 0.002a
4 0.073d 0.001a 0.098gh 0.001a
6 0.065b 0.003a 0.0969 0.0013
8 0.074d 0.002a 0.090f 0.003a
10 0.081® 0.002a 0.0979h 0.001a
12 0.070bcd 0.004a 0.102h 0.001®
1 TBARS = mg malondialdehyde/L.
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